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A STUDY OF S’-IALL TURBOFAM ENGINES 
APPLICABLE TO GENEPAL“AVIATION AIRCRAFT 

by G. L. Merrill, G, A. Burnett, C. C. Alsworth, et al. 


SUMMARY 


report presents the results of a study socnsored hv 
NASA Ames Systems Study Division (Contract NAS2-6799)* concerLJS 

airplanes?^^''^^^^ turbofan engines to general-aviation 

Because of its high overall propulsion-system efficiencv i-h^ 
turbofan engine is now being chosen for most military and comnier- 
1-1 al airplanes. It is therefore desirable to evaluate t.he further 
applicability of turbofan engines to smaller general-av’ ation air- 
planes. This initial study by NASA Ames and AiResearch JstablishA= 
engine and engine/airplane performance, weight, size and cost 
interrelationships and evaluates the effects of spISifiS engine 

whereby these interrelationshios 

a.nd Oi i.ects v/ere determined and the results of synthes’s and Qonc-; 
tivity analyses are describcj. In addition to Jn^nl JnSIne' 

airplane i=xze, the resultant price, and operating cost. 



PRECEDIXG ri ax’t" pri mi’d 

IMTRODUCTIOr.' 


A lecent FAA census (presented in R<^ference 1) of 
general-aviation airolane fl--ot indic^f'^e i u ^ 

registered airplanes counted onlv 2 of about 141,000 

Only a small portion o? th^se oo 1 turbine-powered, 

turbofan propul. iorsyit^^f” Thor^rre ^nlv 5""^ 

for purchiCrbi fpownt Jl o,S‘ ^vaiUbU. in the world today 
from $750,000 to $1 million Thi^'^i- these range ir. price 
commercial and nili-arv i ^ remarKable contrast to 

become the standar^pre^pui iorS;srer1or"?ra^,'"?^^ 

and because of its lirjrt weiorV cycle, 

overall propulsron-sy: tL e^ficicnev o? al^a^ 

proven to provide nr . 1 ^11 alternatives, 

or role for wl'ach it is dc%ig.ncd?"°'^“''"' 


any 


It has 
mission 


a gross weinht loL^thL°544 ( 12~000° airplane model having 

today, and that no oth-rs are ‘n rU,,'? I ‘Available for sale 

biting factors oxL?: indicates that inhi- 

of turbofans in a market* wher<^ thev'^chn'T availability 

biting factors ha^■c'*^ee^ Tdo^Ufio^ as?" The inhi- 

o Low,, of military requirements for small turbofan 
engines and, consequently, no military sponsorship 
Oi. smaxl tjrbofan development " ^ 

° turbomachinery is too expensive for 

sm.aller, general-aviation airplanes 

° consensus that turbofans are inefficient 

below flight speeds of about 644 km/hr (400 mph) 

sVs?0??^iha?*'fan''''0'?'' existing propulsion 

) . ms that fall below the power level of todav's 
smallest available turbofan. ^ 


O 


invc..Ugatlpn'h„'?r(hfam';McaM '=^'°'-ough 

turbofans for smaller general-aviation airp'anos It wis ?orm„ 
lated to complement the small turbofan design ani devellpmen( 
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acti/ities of the NASA Lewis Research Center. As such the over- 
all purpose of the study was to establish the performance weiaht 
interrelationships of small turbofan engines so^' ' 
potential applicability could be effectively evaluated 
A further purpose of the study was the evaluation cf the effects 
engine noise requirements on turbofan engine design 
and^the resultant engine cost. Specific objectives of ?hrsiudy 


O To establish, to the extent possible, the "best" engine 
cycles that minimize airplane purchase price and hourJy 
operating costs 

o To evaluate engine component configurations, and to 
establish combinations of components for these cycles 

In order to evaluate the engine and engine/airplane inter^-e- 
a lonsnips, an airplane and mission model was postulated The 
basic tool used in the evaluation of engine and airplanldesign 
analyibis, and cost variables was a comprehensive aircraft synthesis 
computer program, prepared for this study by personnel of th2 na?a 
tees Systes^s study Division. This computer program pLmitted af 
extensive examination of many variable., to be cLrierout quickJv 
and accurately. The program, based on an extensive and comprehenLve 
et of preliminary design procedures, was designed to compute engine 
and airplane size, purchase price, and operating costs? When ex- 
amining any one variable or listing of variables affecting these 
outputs, the program computes a nev/-solution airplane. 

At the beginning of the study, it was considered vital to 
acquire insight into the pov/er requirements of the current spec- 
trum of general-aviation airplanes and to identify the efficiency 
attainments of contemporary propulsion systems. Several ^ 

propulsion-system types are represented in the current airplanes 

sought for making efficiency comparisons 

efficiency elements most perti- 
nent to turbofans could be sought in the course of the study. 

A large nui^er of correlations of propulsion-system charac- 

Reference 2, which gives size, power, 
price, and performance data for general-aviation airplanes.^ The 
airpxanes that were examined ranged in gross weight from 544 to 
over 27215 kg (1200 to over 60,000 lb) , in cruise IpolTfroi ^7 
to nearly 966 km/hr (85 to nearly 600 mph) , in instiled power 
rom 45 kv/ to over 14914 kw (60 shaft horsepower to over 2 0 000 
, basic price from about $5,000 to over $3 

m.illion. The most notable correlation was found in the plot of 
airplane basic price versus installed power. Figure 1 shows the 
near-linear relationship in this log-log plot, over about 2.5 
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INSTALLED POWER, W 


I — L-,... ■ j 

1Q2 1q3 

INSTALLED POWER, 
SHAFT OR GAS HP 


Figure 1. Basic Price Versus Installed Pov/er 
of General-Avia tion Airplaries* 




fi'-a.jn:itudo in each parameter. Overall proivalsion-s''^t-r.ir 
etticiency is a siynificant determinant of airplane^ size and"* tho ' 
resultant price. Therofere, the noar-li.near relaeonship tMs 
P ot iit.plies near equality in the etficiency of the various 
propulsion-sys tola types represented . 

all ar?Lafrong!r,e;J:'"'°“^^ <^£ficiency listed beiow are comnion to 

O Thermouynamic efficiency (converting fuel to gas or 
shaft pov;er ) ^ 

efficiency (converting power to propulsive 

L.iiiU;3L. 

O Installed-to-uninstalied thrust ratio (drag penalty 
cnaryoa to engine installation) ^ ^ 

o Thrust-to-weight ratio (weight penalty charged to 
engine ins tai la tier;..) * 

each of these elements can be identified and uuantified in the 
eciprocating engine/uropoller system, in turboprops, turbofans 

uriai'^'i-" values of those elements vary ' 

oev.ween engine types, cheir overall efficiency products 

nearly equal. This is explained by 

TrSpilsIJe ofTi!cSncy!'®‘' ““ t«t-ofans haviny lower 

Mir- ‘vas learned from the foregoing efficiency comparisons that 

efficiency element was most significant in defining 
otfxcient turbo fans for smaller and slower airijl'innQ 

light-weight and low-drag advantages of turbine engines'^" 
cai be substantially eroded, if engine cycle and configuration 
■selection IS made without separate quantitative assessment and 

engine characteristics that determine ’propul- 

wir" de.nJoS'‘oi;i..‘‘!riho f --lyti-l prSrea 

cycles By this procedure, the^an prolsurc ia^ranS Sore iS “ 

cui propulsive efficiency are first^cal- 

cuiated for a design cruise .speed and altitude. The JngL^e thrust 
per unit-airflow and thrust per unit-frontal area are then calcu- 
lated. With U;e.se parameters determined, nacelle drag versus 
engine specific thrust can be optimized by trade-off analysis to 
Pff propulsive efficiency. With net propulsive 

analysis efforts are then centered on 
etficiency considerations and the attendant tradeofts 
between internaa. cycle quality, engine weight, and engine cost. 
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accomplishes a large portion of the definition 
>^f optimiZv-d turbo4.an engines, without recourse to parametric 
cycle analysis. By these methods, optimum enciines can be quickly 
cefined for any airplane cruise speed and altitude. Durina the 

i^^'estigation, the methods described here were used 
to define turbofans having overall propulsion system efficiencies 
that were competitive with those of other engine types used in 
contemporary smaller and slower general-aviation airplanes. These 
methods are described further, and an example engine/airplane con- 
ceptual design derived with the use of these methods is outlined 
in Appendix A. 
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ft 
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SLS 

F/W 
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gal 

HP 

HR 

In. 


SYMBOLS 

J'/-i ; . , 

Effective nozzle area, sq ft 
Aspect ratio 

.'fUmber of blades on the i stage rotor 

3yp.ass ratio 
Degrees centigrade 
Drag coefficient 

Induced drag coefficient 

Drag coefficient referenced to the wetted area 
Lift coefficient 


Cus tonary units 

Effective diameter of the combustor, ft 

Effective perceived noise level 
Osv.-ald efficiency factor 
Degrees Fahrenheit 
Enjino thrust, N (Ibf) 

Furiction of 
Fuel-air ratio 


Fundamental blade passage frequency of the i stage 

IJet thrust, N (Ibf) 

Cruise thrust, N (Ibf) 


Feet per minute 
Feet 

Sea level static thrust, N 

Engine specific thrust, or 
N-s/kg (Ibf/dbm/sec) ) 

Gallon 


(Ibf) 

thrust per unit airflow 


Horsepower 
Hour 
Inch (es) 
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ISA 

°K 

K 

kg 

kt 

L 


lb 

In 

III 


IPJT, 


SYMBOLS (CONTD) 

International Standard Atmosphere 
Degrees Kelvin 
Thousand 
Kilogram 
Knok 
Length 
Liter 
Pound (s) 

Logarithm 

Meter 

Mil limeter 


mph 


N 


G 


a 

n - 
1 


n . mi . 

0A3PL, 

A 

OASPL., 

M 


P 


P 

P. 



Pk'dB 
ps f 
psi 
PWL 

q 


r 


Miles per hour 
Mew ton 

Gas generator speed, rpm 
Speed governor 

Rotational speed of the i stage rotor, revolutions per 
second ^ 

nautical miles 

Space-average sound pressure level 
Peak overall sound pressure level 

Acoustical pov;er output, Ib-ft per sec 
Pressure, lb per sq ft 

Compressor discharge pressure, N/cm^ (psia) 

Turbine inlet pressuie, lb per sq ft 

Compressor discharge pressure, N/cm2 (psia) 

Pressure control valve 

Perceived noise level 
Pounds per square foot 
Pounds per square inch 
Power level 
Dynamic pressure 
Degrees Rankine 
Distance to sideline, ft 
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SYMBOLS (COMTL.) 


c 

Wing area, sq m (sq ft) 

SI 

Systonie I nrernat ional 

SLS 

Sea level static 

sec 

Second 

Q 

""vet 

Wetted area, sq n (sq ft) 

'Ti 

i 

Torr;poraturo , °R 

TAS 

True airspeed, knots 

rr* 

* Va 

Average terr.peraturc , °K (®R) 

T 

max. 

Maxirriuia temperature, °K (°R) 

TSFC 

inrust sp(..icific fuel cons UKirit ion , Ra/’j-h 
[ (lbn/hr)/lLf j ' " 


j.nlet tvOtal temperature, °K ('^R) 

rr^ 

Ir.iet tcireeratux-e , ®K ( ' R) 

-t 

'1 u r i j 1 n <..! I ; . 1 e t t e mpe r a t li l e , ® K f ° R ) 

: • 
o 

Jet Velocity, ft ;>er sec 

T / 

'• cl 

Coi'.'i; us tor discharge velocity, ft per sec 

^ • 

s 

Airplane stall speed, kir/hr (mph) 


Weight, kg (Ibm) 

VJ 

« 

Cc,.;uj us t i on energy roieaso, lL)“tt per see 

w 

a 

^'‘irilo'.v rate, lb p~_ r rec 

'"’r 

Fuel f J ov,’ rate, lb per sec 

In 

cruise 

AveiaiG v;oLg'ht at cruise, kg (Ibr.i) 

u 

"e 

Fmpty weight, kg (Ibra; 

W 

"nq 

■engine v.'eignt, kg (Ibnn) 

w., 

Weight at ?;v.i of cruise, kg (lorn) 

r 

L 

Fuel fk;'.’, kg hr (Ibr.^hr) 

W, 

f UO 1 

Fuel v/oight, kg (Iboi) 


SYMBOLS (COOTD) 


Aircraft gross weight, kg (Ibm) 

Propulsion weight, kg (Ibra) 

Wing loading, kg/m^ (Ibm/ft^) 

Structure Vvreight, kg (Ibm) 

Angle of attack, degrees 

Angle between flight path and horizon, degree 
Jet density, lb per cubic ft 

Cruise flight time, hr 


PHASE I - PRELIMINARY ENGINE AND AIRPLANE STUDIES 


Preliminary Aircraft and Engine Analyses 


Airplane modeling and sizing studies . - In 
the performance, weight"^^ size, and cost ^Tnterre 
small turhofan engines, fixed airplane and miss 
established. General characteristics of the ai 
rr.odexa are listed in Table I. These character! 
as representative of high-performance, light, t 
airplanes. riy assessing their effects on the a 
purchase price, and operating costs, the engine 
could be determined and a cost-effective engine 


order to evaluate 
lationships of 
ion models were 
rplane and mission 
sties were chosen 
in-engine business 
irpxane model size, 
interrelationships 
defined. 


:able 


SELECTED AIRPLANE CH7\PA\CTERTSTICS 
FOR TURBO FAN EVALUATION 


Con figuration 

Cruise speed (desi/in) 

Cruise altitude (design) 

Takeoff and landing distance 
(naximup) 

Range 

Maximum allowable noise at 
takeoff 152 m (500 ft) 
sideline 

Maximum allowable noise at 
approach 113 m (370 ft) 
alti tude 


Tv/in-engine/6 seats 
64 S km/hr (350 kts) TAS 
7315 m (24,000 ft) 

914 m (3000 ft) 

1000 n. mi. 

85 and 95 PNdB 

85 and 95 PNoD 


In order to establish baseline size, weight, drag, and per- 
forniance characteristics for the airplane model. 15 existing liaht 
tv; in airplanes were compared with respect to 9 performance and 
configuration parameters. The airplanes and ratinu categories 
u.sed in tlie comparison are shown in Table JI. 


ihe Cessna Model 340 was selected from this group as the Vf.cjf 

example of airframe size and djsign for use in the modeling ex^r- ’ 
c i s e . 3 - 


The Model 340 is a pressurized, six-seat, light twin airnlane 
base-priced at S127,500 (1972). A list of specification and per- 
formance data derived from the Cessna Model 340 brochure is 
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TABLE I 1 . 


CA.MDIDATL A1HCH/\FT EVALUATED FOR USE 
SMALL TLKiiOF/V'J ENGINE STUDY PROGRAM 


® /(D 


AIRPLANE 


within 


criteria 


outside 


criteria 




TWIN COMA.NCHE 


Al'ACHE 


NAVAJO 


B^.RON 


DUKE 


+ + 


+ + 


+ + 


+ + 


SKYMASTER 


+ + 


CITATION 


SHRIKE 


TURBOCOMMANDER 


MU- 2 


- FULL PAYLOAD RANGE 
@ - CENTER AISLE NOT REi^UIRED 
® - THRUST LIMIT 6672 N (s 1500 LB) 

® - PRESSURIZATION EXISTS AT 2.9 TO 3.45 N/CM^ (4.2 TO 5.0 PSI) 


























































Included in the airplane base price are 
sufficient avionics to maintain visual ■ 
however, the more sophisticated 
When typically equipped for 


^liqht rules operation; 
avionics are listed as optional. 

^ ... instruiTient flight rules operation (de- 

icing and anti-icing systems, dual avionics, three-axis 

increases to approximately 
fifin'???* ‘he weight of the added equipment would be about 263 kg 

(OCvJ Inj y"t^Qlll+"TnrT ^ r\ •!__ t ^ 


autopilot) 

Lilt: lisir price increases to aporox 
‘he weight of the added equipment would be abwuL ...t 
i-h!n ^^^/^sultinq in substantially less payload/range capability" 
than listed in the brochure. This optional eauioment would Ha ^ 


optional equipment would be 
i" a 648 km/hr (350-knot), turbofan- 

powered airplane. 


standard 


Fri 
prelimin 
turbofan 
with use 
Teledyne 
this .t:i 2 
airplane 
describe 
results 


or to rec 
ary sizin 
-powered , 
of publi 
CMc' TSIO 
ing exerc 
s , based 
d belov/’ o 
achi t'veij 


eipt of Model 340 engineering data from Cessna, a 
g exercise was perform.ed for a Model-340-derived , 
base-line airplane. This derivative v;as defined 
shed data of the Model 340 Airplane equipped with 
D,i0-K reciprocating engines. The methods* used in 
ise permit quick, brief definitions of candidate 
on similarities to existinu designs. The methods 
reduced results that were very close to the sizing 
after several months of additional work. 


P'-termine new airplane structural weight ulus eguio 
ment weicp.t : Estimate the propulsion system weight , includ- 

ing engines, propellers, and nacelles. Subtract the oropul- 
sior. v.'eirp.t from the airplane-empty v/eight. Add an estimacei 
amount tor increased *'q" (dynamic pressure) capability, in- 
creased cabin pressure differential and additional avionics. 
Lotimated new structure and equipment weiaht is 1160 ka 
(2557 lb) ot 2710 kg (5975 lb) gross weight. 


Determine the wetted area from a published three- 
view drav/ing of the reference airplane: Ertimated wetted 

area is )07 m-- (1153 sq ft). 


Determine the wetted-area drag coefficient cf the 
reference airplane: From the publi. shed gross weight, wina 

area, and maximum speed at aititu.de, calculate the lift co- 
efficient. With the aspect ratio and an estimated span 
efficiency factor, calculate the induced drag at maximum 
speed. Assuming maximvim advertised horsepower and an esti- 
mated propeller efficiency (debased to account for slipstream 

cooling--67 percent in this case) , calculate 
the thrust horsepower and total drag. Subtract the induced 
drag and divide by the wetted area and "q". Estimated 
wetted-area drag coefficient is 0.00405. 
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table III. CESSNA MODEL 340 BROCHURE DA.TA. 


-AT'ONS a performance 

CROSS VVCICHT "i ” Sf A IfVfL: 


l/S!fUt lOAO 
CROSS VSnCMT 

SfilO tr.r«.„ 

M «• R.. 


SfRVICE UllINC. 


TAkrOFF PCRFORMANCF 

I M P r V VS t K.m' f : ' -V I'l i riVIu 

BAC(.A(,F auowabu 
\MN( i lOAOiNC 

POVVIR LOACjINC 
MtKAPACirS i.t.i: 


■' ,N < 

VSiNf. SPAS 

US(.fH in AjfcPlASr 

PRoPniik 


1 SOO U)fn 
iso tpm 

( 4 S 7 fn/m^ 
1 7 fc rn/mi 

26 son tt 
1 ? v<» n 

(ft 077 m) 
(Viid mj 

1 ir 

2 uon 

S V* mj 
'’ 4 » nii 

7 f>s tf 
1 H 40 tt 
)f/r (hs 
9 JO Ha 
ij 4 ' Ihvtt' 
i.' 4 M [}.v hp 

{ 2 » i rr» j 
ISM 1. , 
llb .’7 kg) 
( 42 i k(t 
( 1 >’♦ kjt rn*) 
(4 

VS ^j| 
Uf li 
184 ^ 1 
id lik 
K 

t 1 1 

fS 41 1 
( 69 ;' 1 : 

81 0 in 

i 2 Oh fn} 


• < f u, f ifhE*u» 4. 


1972 PRESSURISED 340 RANGE PERFORMANCE 
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^ jiifO 4fEllt.,«l4' IS fi.4»f..f tit> ,1 t4i4«i, 
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. ^®termine range of a turbofan-powered derivative at 
^rSn weight: Subtract the nacelle wetted area 

original airplane, and add an estin.ated wetted area 

* Obtain a new empty 
fanl^ n 7 installed we .ght of two turL- 

Kg (700 lb) --to the new structure-plus-equipment 
weight. Assuming a full cabin payload, obtain a nev; fuel 
weight at 2710 kg (5975 lb) gross weight--689 ko a518 lb). 

estimated wetted-area drag coefficient and the 
coefficient, calculate the drag at 
o48 km/hr (3o0 kts) and 7315 m (24,000 ft). Based on the . 
thrust specific fuel consumption (TSFC) results of prelimi- 
nary engine cycle analysis, and with an estimated allowance 
for takeoff and climb fuel, calculate a cruise range 
(overhead-to-overhead to dry tanks) . Estimated range is 
1355 km (842 mixes) . 

The comparable range of the Model 340 with six people aboard, 

"" (20,000 ft), is 996 km (619 statute 
milc-s) , a.nd 4 j minutes fuel reserve at 40 percent power. Step 4 
was repeated for higher wing loadings, and greater ranges were 
calculatea lor the turbof an-powered de:?ri vatives , at the original 

P'-i-'^Pal result of this analyli^iss 
the determinauion that the postulated airplane performance 

2722^kii^/rnnn^iK® airplane with a gross weight of about 

2/22 kg (6000 Ib^ , having engines with approximately 1779 N (400 

thrust. This permitted early candidate-engine 
definition work to proceed with baseline engine sizes that would 
require little scaling in the later analyses. 

Farther analysis of this type was done with four candidate 

3 normalized airplane configuration and mission, 
graphical sizing analysis was used to obtain the 
airplane solution gross weight. The assumptions in the follow- 
ing list were used: 


( 1 ; 

( 2 ) 

(3) 

(4) 

(5) 


Constant range = 1448 km (900 statute miles) (overhead tc 

overhead/to dry tanks) 

Constant payload = 5443 kg (1200 lb) (6.(170 + 30)] 

Constant equipment weight » 4536 kg (1000 lb) (equipment 

not variable v/ith W ] 


1557 
59'7 5 


= 0.261 


w g 

Constant structure fraction * — 

W 

g 

Maximum propulsion fraction = ^ i. 0.371 
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•b) Constant enqine W /P = n 05 / SLS 

eng^ SLS 4, installed) 

(7) Constant takeoff fuel weight = 454 kg (100 lb) 

( 8 ) Constant = 0.004 

(9) Constant VU/S = 2155 N/m^ (45 lb/ft^)S 


(10) Constant S 


2.97S + 420 


C_2 

(11) Constant Cj^.= ^ = 0.0497 C^^ 

performance characteristics from preliminarv 
, candidate engine cycle analysis ; preliminary 


Engin(? 


cruise 

"LFC F ,F_ TSPr installed 

cruise cruise/ SLS installed F~ 


U. Hb 


0. 79 


0. 75 


0. 71 


0.271 

0.2642 

0.260 

0.2565 


0.955 

0.876 


0.832 


0.788 


0.2445 
0.2375 
0.2330 
0. 2295 


The propulsion svstem weight relationships: 
Wp = ”454 kg (100 lb) 

F . F W 

: W = W X cru 3 se SLS eng 

eng cruise W . ^ F ” ^ 

cruise cruise ^SLS 


cruise 

cruise 


= I V lift/drag (at start of cruise) 


Wfu,;i = drag x TSFC x 0 


crui se speed “ hours 


1 ^ 




1 


( 14 ) 


Finally, th^ gross weight equation, to be solved qraohi- 
’-'^eratively by assuming several gross weiohts 
the eSLtion''anr/?^‘^^^ fraction in the right side of 
preceeding assumpUcnsi Propulsion weight from 


Wg = 1200 


+ 1000 + 100 + 0.261 W 


Payload Fixed 
equip. 


Takeoff Structure 
fuel V eight 


H W 

Propulsion 
weight 


as shown in Figure 2. ' static thrust solutions, were obtained 

in deiivincj a l.aseline airolane for uso in 

engine/airplane performance analysis to be conducted in Phase li. 

^ function of cvSle^preSiu^e^r^ iS" 
thlL.^ ^ constant percentage of' maxim^r^y^L 

thermal efficiency attainable at each selected pressure ra?i^ -h 
assumptions and results of this parametric anfl^Jt^'arS UsJed in'" 

The performance specifics of these cycles fell in arouDc- eh.f 
correspond to certain cycle characteristics Fo? «xamo ^ TL 
are four TSFC groups that correlate closely with overall cvclJ^" 
pressure ratio, and three F/W^ groups that correlate clLelfuirh 

occurs when eac^ tSrtoli^ “JcJe 
Lasf ratio that provides 

temperature, component efficiencies, and cycle pressure losses 
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GROSS WE!GHT, LB DRAG. LB SLS THRUST, LB 










TABLE IV. PRELIMINARY CANDIDATE TURBOFAN CYCLES 


1 


r 



\ 


cyclos in the intermediate specific thrust group 
offered a representative spread in cycle quality and resultant 
cruise TSFC. These cycles were expanded to incluS iisJaUr^on 
losses--!. e. , nacelle drag charged to the engine performance The 
results were then applied to the preliminary airplane sizing pro- 

of about *??79 N (fnJ exercise confirmed that turbofans 

Of about 1779 N (400 pounds) of cruise thrust (6672 N (1500 lb) SLSI 
hav'e sufficient size to meet the performance targets of the air- 

llTt this study. From this group of four cycles, 

the 9.8.1 pressure ratio cycle was chosen as representative of 
moaerate quality and cost* 


^ o""! engine configuration studies were 

initiated for the 9.8:1 cycle. The first, an all-axial configura- 
tion, IS depicted in Figure 3. The engine layout shows a single- 
stage 1.4 :l-pressure-ratio fan, a seven-axial-stage, 7 :l-pressure- 
ratio high-pressure compressor, an annular vaporizer combustor, a 
t-.;o-stage high-pressure turbine, and a three-stage low-pressur-^ tur- 
bine. The second configuration is illustrated in Figure 4 It 
shows a 1.4: 1-pressure-ratio fan, followed by two substages on the 
fan spool with 1.4:1 pressure ratio, a 5 : 1-pJessure-ratio centrS^ 
ugal high-pressure compressor, a reverse-flow combustor, a single- 
stage high-pressure turbine, and a four-stage low-pressure turbine 
Both configurations were sized for 1779 N (400 pounds) thrust (un- 
installed) at the cruise design point. 


The component designs and configurations used in these ron- 
ceptual engines are representative of current technology and ^de- 
sign practice. However, because they are new and without perform- 
ance maps, no attempt was made to obtain off-design or flight 
performance for these engines. The layouts were prepared to pro- 
vide size ^d configuration baselines for initial component manu 
facturing investigations and cost analyses. Because ^dable com- 
ponent configurations are represented in these two layouts, later 
candidate engine designs were derived for the most part from these 
configurations. 


While performing the parametric engine cycle analysis and 
sizing studies, a parallel effort was conducted to investigate a 
new methodology for turbofan cycle and engine optimization. As a 
result of work completed prior to this study, a less tedious cycle 
optimization method was considered possible, based on separate 
evaluations of propulsive and thermodynamic efficiencies. VJhile 
the methodology is not fully developed, it is more rational, less 
time-consuming, and less expensive than conventional extensive 
parametric analysis procedures. The results of this investigation 
are submitted in Appendix A. ^ 


/ 


22 






^i9ur« 3. Turbofan Configuration Study 
Layout with AIl-Axial Cora 
Conpraasor. 
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Figure 4. Turbofan Configuration Study Layout 
with Centrifugal Core Compreaaor. 
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rr.qine Cost Reduction Studios 

Cor^onentcost distribution analv<?’«? - 
nent .-ost docT7icc,uired fror-tK7S7rATte^;rc!.-^^ 

factured enqlnes— a turbofan, a turhoshaft, and ^ turLi2t 2“' 
used in a conponent cost-distribution analysis *^k 

tion curves of corponent costs associated wit*i *«-hr distribu- 

account for about 00 .^orcent of tho t- tal .!na'i„r“st? ajr.'r^ 
sented in Figures 5, 6, and 7. -<^)Sts, are pre- 

ri-.*.-, Pareto distribution curve vAas chos.on to r.resent the cosi- 
data because it provides continuing in^'o-'t-'c fr r . . a- • ^ 

nent at the left of the Jurvr"‘iS'"Jddre^-ed^w?th°tl compo- 
emphasis, is aaare.s.voc] with the greatest 

eration%«Lr5IJ“™ ?he*tu?boHer''JJ'"? y'i'^ Electric power yen- 
sections Ld syst^re a;e“?e"c:i^^r;a jo? ™ 

enoines investigated: cost: sterns on the three 


o 

o 

o 

o 

o 

o 

o 

o 


Turbine f lov;-path section 
Compressor flow-path section 
Fan stage 
Combustor section 
Structural hous ings and f rames 
Speed- reduction gearbox 
Fuel control 
Lubrication system 


oocf were subjected to materials and manufacturing 

cost- reduction investigations. Th^. results of the investiaations 

be^noted^th^i-^K definitions of candidate engines. It should 

be noted that tnc three engines from which this component cos<- data 

«niin« J engine. Each is a current-technology 

engine designed to definite contemporary requirements. The design- 
ers were cognizant of modern materials and Current manufacturing 
technology, and applied this knowledge to the design of cost- 
effective engines that met these requirements. For example, the 
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CUMULATIVE COST (PERCENT) 







ITEM 


Figure 6. Pareto Distribution Curve for a Turboshaft Engine. 
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CUMULATIVE COST (PERCENT) 





Figure 7. Pareto Distribution Curve for a Turbojet Engine. 
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turbojet was designed to meet the propulsion requirements of a 
nussile. Because of the low-altitude, high-subsonic- 
flight envelope of tne missile, the engine weight is of secondary 
importance. It was decided by the designers, in deference to cost 
effectiveness, that the main structural frame of the engine should 
be a heavier than normal, but very low cost ductile irS^SL^ina 

techniques were practiced in the design of^’ 
each of the three engines evaluated, the materials and manufactur- 

1‘iLf fof thlfstudy^®*" 

Materials and manufacturing methods investioation.? - 
effor t; were directed to an investigation of alternative materU?e 

methods for the fabrication of turbine, compres- 
sor, and fan stages, with emphasis on the rotating components*^ The 
procedures adopted in the investigation were (a) to lis^hr^iable 
alternatives, (b) assess their applicability, and (ct aenerL^Si 

obtain them from appropriate suppliers. Because 
of the complexity of some fabric, ?.tion approaches and the proprie- 
tary nature of others, in-depth discussions were held with investi- 
and developers of credible new methods and processes. The 
costs of the alternative materials and methods are listed in the 
following paragraphs as values relative to the base lines chosen. 

No attempt was made to temper optimistic cost projections or to 
assess the impact of developraent costs on unit cost. All estima<"es 
were based on a production rate of 1000 engines per year 

^»^vastigation. - The most cost-effective turbine manu- 
facturing method for small engines (that do not require turbine 
blade cooling) is the precision investment casting of blades and 
thin \hl r integral configuration. This method is applicable only 
when the turbine configuration and rotor speed permit disk stresses 

lTypi?alir"^llowab?r^ normally allowed in forged disks. 

tangential stresses are 55,000 and 
65,000 pounds per square inch, respectively.) This integral config- 
uration nonnally costs less than half that of the oider^configura- 
t ion with individual cast blades attached to a forged disk by 

fir-tree attachments. The development of larger 
^ castings is a continuing process for stators as well as 
rotors, and for compressor stages as well as turbine stages. While 
many ®iicys are available, turbine designers usually 

select INCO 713C or IN-100 because of their excellent high- 

physical and mechanical properties. Although they are 
nickel-base alloys, the raw material costs are moderate. They 
have good castability, resulting in good yields, in order to 
employ a lower cost alloy than INCO 713C or IN-100, the turbine 
designar would have to deeign to a substantially lower turbine 

inlet temperature, thereby increasing the size of the engine for a 
given power output. • lor a 
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(b) 


(d) 


(e) 


IN are alternatives to the base line INCO 713C/ 

IN-100 with savings potential: 

(a) Dual-property or bi-cast wheels — separately cast blades, 
with the disk forged or cast around the blade to provide 
attachment. This method decreases scrap cost per mis- 
run blade • 

Individually cast blades with a non precision-attachment 
shape activated-diffusion-bonded to a cast hub to 
reduce scrap cost. 

(c) Integrally cast wheels with lower quality standards to 
yield^ misruns of some blades to increase the casting 

highly corrosion resistant, 
such as IN-738 or IN-792, to replace IN-100 and 

INCO 713C and to eliminate corrosion-resistant coatings. 

the preparation of master 

heats to lower the cost of using all virgin material 
for castings. 

Fiaurra of Alternative (a) is shovm in 

gure 8. In this case, the base-line cost was assumed to be 
higher than normal, reflecting the large scrappage allowance ex- 

designs. The cost-saving potential of 
i- especially when the engine design 

dictates a turbine with a large number of thin, high-aspect-ratio 
blades that are prone to misrur.s. However, a suitable attachment 
geometry must be developed to avoid an attendant large penalty in 

weight penalty is caused by the disk size in- 
crease that IS required to carry the high "dead-rim" load inherent 
in the separate-blade method. The remaining alternatives must be 

However, each irjccom^Xd 
^^5? weight or performance penalty, which can be traded 
off only after an in-depth analysis of each case. 

- One of three compressor confir- 
uratlons is used in contemporary small gas turoine engines: 

^o-8tage centrifugal, (b) one or more axial stages 

stage, or (c) multiple axial stages. Each con- 
figuration has a preferred material and manufacturing method. The 
latent small-engine designs, using all axial or axial plus centrif- 
ugal compressors, were devised for integral-wheel castings. The 
casting material is usually the precipitation-hardening steel 

ui ?Y*.^^”^***** ^5 chosen for its very good properties and cast- 

ability versus those of alternative alloys. 
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FABRICATION METHOD 


BASE LINE INTEGRALLY CAST IN100 

DUAL PROPERTY, FORGED WASPALOY DISK/CAST IN-100 BLADE.^ 
BI-CAST, SEPARATELY CAST IN-100 BLADES/CAST DISK IN-100 


Figure 8. Relative Costs To Produce a f;-Inch-OD 
Superalloy Axial Turbine Wheel with 
Blades in Quantitien of 
1000 Wheels/Year (Tooling Costs Excluded) 




centrifugal compressors are generally precision-machined 
from ticanium forgings. Tip speeds of centrifugal components are 
usually much higher than those of axial components. Consequently 
be prohibitively high, and weight could multiply 
roar times if centrifugal components were made of steel. 


In lower tip-speed, lower pressure ratio designs, steel can 
be used with smaller penalties. For these applications, the 
alternatives described in Figure 9 were investigated. A larae 
part o.. the cost of the forged and machined titanium base-line 
configuration is the hand finishing required to smooth the airflow 
passages. The lower cost of the separate-blade method requires 
that the blades be precision-forged or cast to size to avoid sub- 
sequent hand finishing. Because of the large size and complex 
shape of centrifugal compressor blades, it was determined that 
this would require extremely expensive and time-consuming develop- 
ment. These methods also incur the dead rim load weight penalty 

turbines. In addition, the design of a reason- 
^le blade root or attachment configuration is doubtful because of 
the complex curvature required in the blade when transitionino 
from axial to radial. The fifth alternative shov/n in Figure 9 is 
of course, not new to compressor design. The precision investment 
casting has the lowest cost for low-tip-speed, low-pressure-ratio 
centrifugal components that follow multistage axial compressors. 

c .. It could not be shown that axial compressors could be manu- 
factured for less cost by methods other than the precision invest- 
ment casting method. Sheet metal construction was investigated as 
well as the separate blade methods described previously. These 
alternatives were judged to be more expensive, and incurred either 
weight or performance penalties when compared with high-yield 
multiple-stage investment castings. This determination led to the 
consideration of methods to provide further reductions in the cost 
of investment castings. 


The manufacturing labor cost distribution for a typical 
integral wheel casting is illustrated in Figure 10. This Pareto 
curve shows that a small number of the cost increments account for 
a large percentage of the casting cost. The scrap allowance for 
a typical 60-percent casting yield is the largest Increment. Im- 
provement of the yield of a given casting can be accomplished bv 
several means : ^ 

(a) Blade thickness can be increased to ensure consistent 
filling of the mold blade cavities 
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1, BASE-LINE CONVENTIONAL Tl FORGING PRECISION-MACHINED ON 5-AXIS 
MACHINE 

^ D^A^PROCE^^*^^*^*^ blades/hub FORGED AROUND BLADES USING 

3. FORGED CRES BLADES/FORGED STEEL HUB^ DUAL PROCESS 

4 . CAST CRES BLADES/FORGED STEEL HUB, DUAL PROCESS 

5. PRECISION INVESTMENT CASTING, CRES ALLOY 


Figure 9. Relative Costs To Produce a 9-Inch-OD 
Radial Compressor Wheel in Quantities 
of 1000 Wheels/Year (Tooling Coats Excluded). 
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stepl^ quality control of the various casting process 


(c) 


(d) 


Increased automation in process steps to improve con- 
sistency 

Relaxed quality standards for casting acceptance 


By these means, an improvement from 60 to 85 percent in 
casting yield may be achieved, 

revert material could provide a substantial cost 

Typically, there is as much 
material in discarded gating and sprues as in the finished part. 

A substantial cost reduction can be effected by using some of thi«= 
material in combination with virgin material and accepting lower 
metallurgical and mechanical-property standards. 

The use of reusable rubber investment patterns (RIP) in place 
of wax patterns provides further opportunities for reducing the 
cos w of investment castings. Rubber patterns have been developed 

compressor wheels cast in aluminum. It is 
.easible that with novel design and considerable development, RiP 
would be applicable to high-solidity steel compressor and super- 
alloy turbine wheels. RIP could provide a significant cost- 
reduction incremerit for small wheels in which the wax pattern 
represents a large percentage of the total casting cost. 

The combined effects of improved yields, use of revert mate- 
rial, and employment of reusable investment patterns on castinq 
costs are shown in Figure 11. This figure illustrates the cost- 
reduction potential in the investment-cast integral-stage process 
The cost-effectiveness of investment castings for small^engines 

improved by these developments and techniques. This should 
permit substantial reductions in the cost of compressors, as well 
as turbines. However, the cost-reduction developments would be 
expensive, and a large production base would be necessary to amor- 
tize these developments economically. ^ 
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Figure 10, Pareto Distribution Curve for a Typical 
Precision Investment Cast Wheel. 
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YIELD, PERCENT 

O WAX PATTERNS. VIRGIN MATERIAL 
□ WAX PATTERNS, 50 PERCENT REVERT MATERIAL 
O RIP PATTERNS, VIRGIN MATERIAL 
O RIP PATTERNS. 50 PERCENT REVERT MATERIAL 

Figure 11, Cost Versus Yield for a Typical 9-Inch 
OD 17-4PH Integral Wheel in Quantities 
of 1000 Wheels/Year (Tooling Costs 
Excluded) . 


Fan in ve s t i q at Because the fan is uhe heaviest sincrle 
component in a high-typass-ratio engine, it is a large determiiant 
of engine thrust-to-weigiit ratio. Typically, the fan has a htib/ 

or less and a tip speed of 396 to 457 m/s 
(1300 to 1500 ft per second). In meeting these design constraints, 
titanium has a stage weight advantage of up to 4:1 over steel, in 
tur..o.an engines designed and produced to this date, the advantages 
provided oy titanium have proven to be cost-effective. Because 
stage weight is approximately proportional to blade chord, sub- 
stantial weight savings are effected by the use of blade-to-blade 
vibrai.ion dampers, which perniit reduction of chords up to one- 
half per row of dampers. This fan weight-reduction method has 
also proven to be cost-effective. 


The low h"b,'txp radius ratio and high .ip cpeeds of fans are 
dictated oy several engine design considerations. These fan 
design constraints in turn dictate the fan blade geometry. Low 
thickness/chord ratio (0. 035-0. C40 at the tip), and small leading- 

thicknesses are required for good aerodynamic 
efficiency at transonic fan speeds. The resultant blade geometry 
causes high bending and vibratory stresses in addition to high 
centrifugal stresses. Great care is required in fan detail design, 
and precision is required in fabrication to ensuie structural 
integrity of a suitably lightv/eight design. An additional burden 
13 placed on the fern design by the integrity requirements of the 
bird-ingestion criteria specified for FAj\ certification. 

Because of the foregoing considerations, the conventi <^nal 
titanium fan with part-span daipers was establisned as the base 
line for the investigation of alternative materials and manufac- 
turing methods. Fabricability and cost were the judging criteria 
used for the alternatives assessed in the investigation. It was 
acknowledged that the replacem.^nt forged titanium in a fan 
design would require an extensive and costly dosian a.nd development 
program. 


The fan design, materials, and fabrication alternatives in- 
vestigated and the estimated costs relative to the titanium base 
line are listed in Figure 12. The precision investment cast steel 
(GRES) blades and precision-forged aluminum blades proved out- 
standing examples of cost-reduction potential, and were identified 
for iator engine/ai rplane cost trade-off a.d sensitivity aralyses. 

The results of engine cost-reduction studies conducted in 
Phase I are: 

(a) The turbine, compressor, and fern sections were identi- 
fied as the most expensive turbofan components, and 
would therefore yield the greatest return to cost- 
reduction efforts. 
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FABRICATION METHOD 

1. CONVENTIONAL FORGED AND PRECISION MACHINED Tl ALLOY WITH DAMPERS 

2. PRECISION FORGED AND MACH'iNED Ti ALLOY WITH DAMPERS 

3. PRECISION FORGED AND MACHINED Tl ALLOY, NO DAMPERS 

4. PRECISION FORGED AND MACHINED CRES ALLOYING DAMPERS 

5. SHEET METAL UNIFORM X SECTION CRES ALLOY, NO DAMPERS 

6. METAL MATRIX Ti OR Al COMPOSITE, NO DAMPERS 
T ll ALLOY SPAR, COMPOSITE SHELL, NO DAMPERS 

8. HOLLOW PRECISION CRES ALLOY CASTING, AIRMELT 

9. SOLID PRECISION CRES ALLOY CASTING, AIRMELT 
W. PRECISION FORGED ALUMINUM ALLOY, NO DAMPERS 

Figure 12. Relative Coats To Produce a 5- to 6-Inch 
Fan Blade in Quantities of 15,000 to 
30,000 per Year (Tooling Costs Excluded). 



40 



(c) 


(d) 


(b) The investment-cast integral-wheel method was identi- 

_ied as the lowest cost of the alternatives investigated 
for the manufacture of turbine and compressor rotors 
and stators. 

Means were identified whereby the cost of investment- 
cast turbomachinery can be further reduced when suf- 
ficiently high production rates are attained to off- 
set and amortize the cost of engineering and development. 

Substitution of steel investment castings for forged 
-Itanium fans and centrifugal compressors showed the 
most significant cost savings of all alternatives 
investigated. However, due to large weight penalties, 
thr cost-effcctiveness of this substitution can only be 
determined by aircraft sensitivity analyses. 

Preliminary Candidate Engine Definition 

. — figuratio n studies. - The aircraft gas turbine 
engine has occupied the minds of engine designers for over 30 

of engine configurations have been designed, 
demonstrated. Hundreds of engine designs have been 
produced in quantity, and a few remarkable engines that were timelv 
tte total-design context have Len produce“!„‘q“ir 
titles of tens of thousands. The essence of these successful, 
cxassic engines is that they were "designed with intent." The 

ration^IL was manifested most obviously in engine configu- 

2^ detail mechanical design. Successful engines invariLly 
exhibit excellence in these design characteristics. ^ 

The cycle and performance characteristics of turbine engines 
are the traditional criteria by which engines are judged and com- 

Configuration and mechanical design 
features that set engines apart. These features provide light- 

' durability, reliability, maintainability, and 
manufacturing economy. These qualities in turn provide the total 

production line^^^^ ensure the longevity of an engine on the 

aircraft gas turbine has substantially evolved and 
ma.ured in the past 30 years, engine design remains an art. This 
is evidenced by the fact that competing engines with essentially 
the same cycles, designed by companies cognizant of the same 

substantial differences in configuration 
and detail design. Despite these differences, obvious design prin- 
ciples have evolved and have been identified by today's engine^ 
designers and informed customers. To Ignore these principles in a 
new engine design would result in an engine that would not be 
totally responsive to the needs of the customer. 
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“r?he c“did«, r aPPUcab!?lty 

Tr^^ipu”. '-Pilit2te’alh«ln«“o ?S’"' 

ia T.iiir,rzr 

ncatxon systems, and special nuts and devieeQ shafts, lub- 

in engines, 'thus, it hL been shown bv ex»mnl.‘'^?J "=P®=»ary 
priate fan, compressor, and turbinrdeLg- 
plexity of this machinery can be substantially reduced. 

?rr.|s"Iv‘3s«^ 

2"k® bearings, in only twH^Havi^ier and 

supported by ^ust two structural engine frames*^ 
turbofans lacked the aero-component characteristics t^at 
this simple arrangement possible. Typically seven ennfn^ 
bearings supported by four frames we^e utilised beLusI tL wnh 
pressure rotor (or core spool) was des.igned for high JoeeS and^ 
.equired three small -diameter bearings for suoDort tHo v^ao i ^ 
was a long, small “.hole" through the ?oref Co^wientJv th^ t. 
prassure rotor (or fan spool) required the sup™?? of foir bLr 

™rc?i1j|.r?p^?r??rg?n?!'’” sba??'d?n*?Sics 

the f;rr5p??n?:;':^o^^?:^^^??„“^^^ iP^ch 

h^K/^- engines have core compressors with higher inlet^ 

5,: of rotor .speed p« unit 

high hub/tip ratio, the average blade “ 

Therefore, fewer stages are'^JeqSJJed ?or a^speci?ied 

sure ratio. A further shortening effLt is that i*Voh ?ih/?fr' 

ratio, the blade radial heights Ire small- ^ hub/tip 

aspect ratios, the blade chords and Lial 'stage 'lenath«°2rJ”?^°”*^ 
Bearing technology has also played a part in the^achieveroent^nf^* 
the new four-bearing, two- frame enginLf iSe speed cJpaEuLv of 
bearings is usually defined in terms of the product of th« hAAfin 
bor. dia««t.r, in mllUm.t.r8, tlm„ ?h. d?sl^ 
revolutions p«r minuto, and is referred to ae the "ON value'- 

design DN values in older engines were from 0.75 to*l 25 
million. Intensive bearing, seal, and lubricLlon deilon 
deveiopment efforts have raised ON capability in new enalnea^^o 
about 2 million. The value targeted for current continuing efforts 
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million. Together, the high hub/tip ratio comDressorcj 
and hi,h DN value bearings have permitted engine deIiSe?rtr 
maximize the core hole” diameter, minimize its lenath Ann k 

JonfigirJtion! economical four-bearing? two-frame ^ 

’^‘5® principles outlined in the previous paraaraohs 

were adopted tor the candidate engine conceptual design work of 

studies, showrirpIgSeS 3 
and 4, .^ere prepared in accordance with these principles ^ These 

componant cLrac«J?sUcrinl 

small engiial. '* Prevent adherence to these principles in 

vrsi arc burdened by several size- 

related limitatrons that prevent greater attainments i^tLlr 

liJif?™“ns=^''® examples illustrate those 

° rapidly at Reynolds numbers 

below 2.5 X 10->, thus adversely affecting the effi- 
ciency of small aerodynamic components. 

° common to large engines cause 

greater deviation from the nominal when applied to 
small engines, with a further debasing effect on effi- 
ciencies through greater losses, leakages, etc. 

o Some aero- and thermodynamic processes do not scale 
linearly— for example, combustion, which is Ictrqelv a 
voJime- related process. Thus, small engines typically 
have disproportionately large combustors, while meeting 
the same loading criteria as large-engine combustors. 

fi^!or‘?n‘5 limitations of small engines, of course, prevent the 
finesse in derail design execution exhibited in large engines. P 
bolted-flange connection scaled down from a large engine? although 

bP prohibitively expensivrdCnS 

lS?ion number of small holes and instal- 

lation of a large number of small nuts and bolts. Thus, small 

engines have disproportionately large and heavy flanges. Similar 
considerations throughout a small-engine design serve to compromise 
the size, weight, and finally, engine performance specifics. 

The engine configuration studies conducted in Phase I 
encompassed general engine design principles and specific con- 

fPPi^c^ble to small turbofan engines, 
ihese initial studies provided the basic design data and philos- 
ophy required for early definition of the candidate engines thit 
were designed and evaluated in Phases ll md 111. 
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go inponent configuration studies.- Myriad aerodynamic com- 
ponent configurations can be found in the small gas turbine 
engines produced today. The synthesizing effect of designing a 
large number of engines over a long period of time has not evolved 
a best set of component configurations for small engines 
^signers of large engines consistently choose straight-through 
flow paths, with axial-flow components arranged in tandem or in 
senes. In large engines, this arrangement minimizes the amount 
of metal required to effect the necessary aero- and thermodynamic 
processes since it provides the highest performance specifics, 
together with lowest manufacturing cost. This is not a true or 
practical philosophy for small-engine designs. Many small engines 
proven to be cost-effective and adequate in performance have ^ 
tortuous f. ow paths. Radial-inflow inlets, centrifugal compres- 
sors, reverse-flow combustors, radial-inflow turbines, and right- 
angle exhausts have been used together in successful small 
engines. 


Designing a small engine with a minimum amount of metal and a 
simple flow path does not ensure high performance and low cost. In 
fact, a complex and variable set of rules governs the flow-path 
shape and component configurations. The rules are, however, 
flexible and subject to wide interpretation. For example, the 
policy of one engine manufacturer prohibits axial compressor 
stages with blade heights of less than 15.24 mm (0.6 inch), yet 
other manufacturers have designed and produced engines with 
smaller stages. 


The selection of fan configurations for the candidate engines 
was more straightforward than was the selection of other engine 
components. In current fan design practice, the use of inlet 
guide vanes is avoided in deference to cost, simplicity, perforro- 
ance, ^d the advantage of not having static elements in the flow 
path ahead of the fan that require anti-icing. Current practice 
maximizes the flow per unit frontal area by using a low hub/tlp- 
dlairater ratio (0,35 to 0.50), with resulting tip relative Mach 
nurrl>ers of 1.2 or greater. Adiabatic efficiencies of 87 to 89 
percent are attainable at pressure ratios above 1.5 in these 
designs. In current practice, the fan outlet stator vanes are 
spaced downstream by about two times the fan blade axial chord. 
This provides length for attenuation of the fan blade trailing- 
edge wakes and reduces noise generating interference between the 
wakes and the stator vane leading edges. This spacing has little 
effect on the fan stage efficiency. 


The fan configuration and design principles outlined here 
were used in the preliminary design of fans for the candidate 
engines. Engine cycle and performance analysis showed that fan 
pressure ratios between 1.3 and 1.5 were required. Since pressure 
ratios greater than 1.5 are easily attainable in one stage, 
imiltlple-stage fans were not considered. 
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Of the turbofan engines defined in this study did not 
Ixmit the selection of compressor configurations. Initial airni™ 
and engine sizing analysis indicated that engines vith core- ^ 
corrected inlet flows of about 3.1 Jg%ei (7 ?J%ec) 
would be required. At this flow, either axial- r«r- 

All^thrL°? axial/centrifugal compressors ca^ be’^s^.''®'"’ 

All three types are used in engines produced by AiSesearch in i-hi<s 

efficiencies «d operatlS, c“?a“«is?ics 
demonstrated in each type. It was therefore determined that ihJ 
p?^fio?s! include both axial- and radial-flow com- 

An objective of this study was to determine which comoressor 
type provides the most cost-effective engine, yieldino thermos t 
economical airplane. Initial studies indicated that there was no 
adv^tage of one type over the other with respect to either cost or 
performance. Comparative analysis of representative engine designs 
was required to establish a -best- compr^sor configuration. ^ 
iherefore, when candidate engine cycles were defined, engine 
designs were prepared with both axial and centrifugal compressors 

tion, weight, performance, and cost differences could be determined 
from the results of the airplane synthesis and sensitivity analyses. 

State-of-the-art combustor technology and performance attain- 

fiauLtion^^^H^^h^^ independent from the overall combustor con- 

combustors are normally the product 
of detail design and development finesse. Various fuel-injection 
techniques are used successfully, including fuel pressure ato^- 

.tomizers, air-bUst atLi 

vaporizers. Low smoke and gaseous emissions 
SoJs demonstrated in most candidate configura- 

tions with the various fuel-injection techniques. However! future 
emissions requirements may dictate the use of a •’best" combustor 
design and fuel-injection system. Advanced technology investiaa- 
tions indicate that an in-line, axial-flow, annular ISnfigSJiJiSn 
providing a Iw value of liner surface-to-volume ratio will be re- 
quired. The best" fuel-injection system will probably evolve 
from current technology vaporizers, or from air-blast atomizers. 

Tn configuration-oriented cost advantage identified 

in this investigation favors combustors using vaporizers. Vapor- 
izers are less costly than atomizing nozzles and require lower 
fuel supply pressure, resulting in a less expensive fuel punp. 

the considerations, it was determined that 

^ designs would have annular vaporizer com- 

pn*l^**‘ engines would have an in-line configuration. 

Engines with centrifugal compressors would have the coadsuster 

around the turbine in a reverse-flow configuration. Based 
current attainments , the combustors would be 
sized for volumetric heat-release rates between 18S and 370 billion 
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essentially 100 percent efficiency, 


J/hr/atm/m^ C5 and 10 million Btu/hr/atmosphere/cubic foot) At 
/ niax out avq out 1 

' ~avg out ■ ’'in '' 10® percent efficiency, 

capability throughout the airplane 

^ 1 .. turbine configuration alternatives. The axial- 

flow configuration IS the obvious choice for both compressor- and 
turbines. A radial-inflow configuration would be 
suitable for driving a small, high-pressure-ratio centrifuoal mm 

Howeve?: ?hr?rte«n? h?Sh' 

tip speed and low outlet hub/tip-diameter ratio of the radial- ^ 
inflow turbine results in a heavy disk, with a small center Lie 

small hole would inhibit the achieve- 
- t of the four-bearing, two-frame engine configuration. 

With conventional loadings and mechanical desiqn, sinale- 

designed to drive core compressors with up 
to 6.1 pressure ratio. Above this pressure ratio, single-staae 
would have high aerodynamic loading that wouldLe time- 
consuming and expensive to design and develop. Accompanyinq hiah 
disk rim velocity would prohibit the use of ?he low-coJ2^ ?Leq?al- 

thH candidate"^Lin acture . Therefore, it was determined 

^ ^ ^ engines with compressor pressure ratios up to 6:1 
would have single-stage axial-flow compressor-driving turbines. 

f axial-flow configuration was chosen for the 
^ driving turbine in all candidate engines. The principal con- 
L^staL^*' consideration was that given to the location and number 
of stages. A single- or two-stage design could be used, but would 

flow^nath between turbines to match the turbine 

length, and weight of this duct 
could be avoided by using a close-coupled, three-staqe desicn 
Because of the small rim diameter and lower rim velocity of the 
^ree-atage design, the disks are lighter and less expensive^and 
have large center holes that permit tucking the turbi;ne-end 

turbine, thereby shortening the fan shaft. 
doiigns?^^^’^^*^^°" judged to be best for all cLdidate en^L 

Selected candid ates for cycle studies. - Based on the enaine 
cycle and airplane sizing analyses discussed previously, six 

t •elected for further definition in Phase II. 

engines were to represent three basic cycles. Two basic 
configurations were selected for each cycle. Tables V and Vl 
prejent the cycle, performance and configuration characteristics 
that were judged to be appropriate to the candidates, it was 
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determined that the engines should be defin#»f? ^.u ^ 

aerodynamic components, for which DerfoJm.n^f 1 <^f^-the-shelf 

enqine*'l 3 "'to''siM*»h»°f inlet temperature in a turbofan 

in turn, is determined partly by cycle pressure ratio t..,t° 
n!l“cJole*e££ioieJcJ‘’^® j"let temperature. The thermal or iit«- 

Usi:a‘ 5 :nd! 3 «“''* 3eleSt!on\£*tS?bi"^ inX i"teipe'?a\u«‘’%rtJI ’ 
higher. 

to be investigated in Phase II cycle analysis. ’ *'* 

TABLE V. CANDIDATE ENGINE CYCLE AND PERFORMANCE 
CHARACTER ISTICS* 

CYCLE ~~ 

X i II I III~^ 

Fan pressure ratio iTi TlTli 1.4 

Core pressure ratio 469 

Overall pressure ratio 5.6 8.4 12.6 

Turbine inlet temperature (*K) 1005 1089 1172 

(^P) 1350 1.500 1650 

Cruise specific thrust (approx. ) (N-s/kg) 127.0 127.0 127.0 

(Ib/lb/sec) 13.0 13.0 13.0 

Cruise TSFC (approx.) (kg/N-hr) 0.087 0.079 0.071 

(Ib/hr/lb) 0.85 0.77 0.70 

Bypass ratio (approx.) 3.4 4,4 5 4 

(350 kt) and ' 

/JL9 m \a 4^000 It) 


f 
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Acoustics Evaluation 


niethod. - Before and during the course of the 

thJ^Lw study, acoustics efforts were directed toward 

the development and verification of analytical methods that permit- 


The determination of the primary aircraft/engine 
performance variables that cause or influence the 
generation or propagation of noise and the develop 
roent of prediction techniques. 


The development of guidelines for changes in normal 
aircraft/engine equipment and components to control 
the generation or propagation of noise. 


The development of guidelines for the desig.-i and 
fabrication of acoustical attenuation devices to be 
installed in or attached to the aircraft/engine 
as either original equipment or retrofit to control 
the generation or propagation of noise. 


control can be implemented by overall sound power re- 
reduction in the direction of maximum 
adiation, a shift of noise to less annoying frequency bands, a 
changing of the tonal combination to a less discordant quality, 
or a reduction in signal-to-noise ratios • 


iUustri?L"?r??^u?e 


Core exhaust stream 
Fan exhaust stream 


Compressor blades (inlet duct radiation) 

Fan blades (inlet duct radiation) 

Fan blades (fan exhaust-duct radiation) 
Turbine blades (core exhaust-duct radiation) 


sources of noise exist such as those radiating from the 
^ engine nacelles and from the turbulent flow over flaps, 

these minor 

urces, however, is usually mas)ced by the more intense noise from 
the major sources. 
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Figure 13. Major Sources of Noise from Aircraft Engines. 


In order to adequately predict the flyover noise signature of 
a turbopropulsion engine, it is necessary to predict the contribu- 
tions to that signature from each component. A family of computer 

completed so that these component noise predic- 
® separately. This allows maximum flexibility for 

engine configurations and also later modifications 
abi^^ prediction methods as improvements become avail- 

dificu«s«lS®- fu functions of the prediction method are 

discussed in the following paragraphs* 

lag^^ and Compressor Noise . - The chain of compressor and fan 
noise radiation is developed in the following manner. 

COMPRESSOR PLOW INVOLVES 
UNSTEADI^OMPONENTS 

UNSTEADY PLOW OVER THE 
BLADES CAUSES PLUCTUATING PORCES 

PLUCTUATING PORCES PRODUCE NOISE 

NOISE COUPLES INTO INLET OR OUTLET DUCTING 

DUCT RADIATES SOUND INTO FREE AIR 

OBSERVED SOUND INTENSITY 
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Noise is initially generated by airflow f luctuat-ir»n<s in 

blades?^ap%S^urbule^ themlelver^^SLe^gL^^® 

r|:£i^ 

for exteSal ioise®^^^ escapes through the engine walls. Methods 
miLio^ paths? swression rely upon attention to these trans-* 

spectrum basically consists of two distinct tvoes 
ound. harmonic (tonal) and broadband (random) The random 

trequan^Ss? tend^ t^peak 

Th» frequencies, particularly in small turbofan enqinej 

sound has one or more fundamentals correspondina to thi 
frequencies of the compressor stages^ ?Sge?her wUh 
associated harmonics. Broadband noiJe is attributable to the 

?he “mp[eL“r“«adls!'''’ i-egular flow disturbances upon 

frequ^^^y^ri «ia?LrElale'Xagef1s calSuS?ed“y"^"'^“' 

F. = B.n. 

1 11 

^here is the fundamental blade passage frequency of the i staaf> 
rotor, B, IS the number of blades on that rotor and n- is 
rotational s'^eed (revolutions per second) of that rotor. 

the stagrf?e^il!riir sum and difference frequencies of 

cne stage frequencies, can al-co be identified in the spectrum 

understood.^ exact mechanism of their combination is not well^ 

noise content at each of the stage frequencies is 
rotation of^*-h° ^ectuations of the fluid medium induced by the 
fdd?M ?,2 ^ ^ rotor. These fluctuations can comprise 

stage. Jhey ca^ bl mass- 

^inL^^oriocil"?!., fluctuations on the blades and 

S ^ stresses around the rotor blades, giving 

«in?r.e« familiar monopole, dipole, and quadrupole sound ^ 
rces, respectively. The mass fluctuation terms arise solelv 
ue to rotor-stator interaction and consequently are closelv 

9eometrie. anS ?”« pa«i^ters. 
by f«° nechanisma. First, tL ,010^ 

nili it ?^v ^ imparted to the fluid medium period- 

y t any stationary point in the rotor plane. Second, a 
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nonsteady- load field is induced at the rotor and stator blades by 

can inflow velocity vectors. Each loading effLt 

can be of prima^ significance. Usually the steady loads contrib- 
ute predominantly only to the very low order harmonics of simple 
fan systems (with no inlet guide vanes or outlet guide vanes) and 
the unsteady loads contribute to all harmonics of complex stage 
systems. The latter effect is again closely dependent on stage 
geometry and flow parameters. The mechanisit\s by which the quad- 
rupole (stress) acoustic sources contribute to tha discrete fre- 

studied, and it has oeen determined 
that the primary effect is due to an interaction between the 
periodic potential flow field and the turbulent velocity field 
surrounding the rotor disk. This quadrupole term becomes impor- 
tant when both the rotor blade number and Mach number are very 
high--such as in the case of transonic compressors. 


ahe broadband base of the frequency spectrum is not so simplv 
identifiable with blade-row design parameters. Its origin is a 
result of the highly random turbulent components of the flow 
tield giving rise both to random pressure loadings on the blades 
ana vanes, and to fluid shear stresses similar to those of a jet 
stream. In multistage axial compressors, the turbulence from 
one stage is input directly to the following stage; and the resul- 
tant effect of all stages can induce a subjectively predominant 
noise concent (when the random noise level in a critical bandwidth 
exceeds a discrete frequency level in the same bandwidth) , 


Each of tne noise components, discrete frequency and broad- 
band, undergoes a complicated transmission— through the stages and 
along the duct— before it is radiated to free space. Both dis- 
persion and dissipation of the sound occurs to some degree in the 
transmission process. The observed characteristics of the nois^> 
will therefore differ from those predicted by simplified source’ 
models. The effects of duct transmission have been studied in some 
detail, and the energy coupling between the source and duct trans- 
mission modes has been demonstrated to be of primary importance to 
the radiated noise levels and directivity patterns. Each gener- 
ated harmonic noise component, for example, can energize a very 
large number of transmission modes— each mode raving e different 
coupling efficiency, transmission efficiency, and radiation effi- 
ciency at the energizing frequency. The final, observed sound 
harmonic level will be influenced by whichever mode gives a 
maximum at the point of observation. Movement to another observa- 
tion location may mean that a different mode predominates or that 
the directivity pattern of the first mode is to be accounted for. 

When the fan (or compressor) is operating at low tip speeds 
and has an extended inlet duct such as in "quiet-engine" designs, 
the cutoff effects of duct acoustics become extremely important 
in terms of radiated sound power level as well as directivity. In 
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these cases the sound enerav i <5 ^ ^ 

collection o£ modes, of which many arr^spersiw a!jd ^ 

propagative . The coupling of the sound ioSrc^fieJS trrh 

modes depends on the frequency, phase and ^ 

between the sources and modes, and determines 

predominate at the duct ends, thereby cSJtroll ini 

sound field. Calculations of the radiated si, radiated 

therefore include the modal transposition^n? ""^st 

field and the radiation prop«SIs"°rf 

theor^-3f^;;sL“oJ^h:\"ioclss:^:?j:bftif "?'^ “ 

in the exhaust stream of a on i ^ intense turbulence 
predicts that thfso^f from th!s’tu?bu?2r^f®-.?°“‘'- 
the eighth power of flow veTocuJ . Jws reLTt 
experimentally in the laborator-x/c»r^.q k ^ result has been verified 

engines over Lch of thS? IpeJ^.Ing rLge!"""”"'"'^ 

exhauet velSSti°s^^eSronlv'b^''rirt” i™"ediately that 

obtain quite siani f i r-a»T^- a ^®. a small amount to 

a 25-percent reduction ' n^exhaust^veloc example. 

Automotive Engineers, Reference 3) . i„ this caLu??n‘^rix 

trthe "’“■’‘•M' dl^g a Jideiiie parallel 

to the get axis is determined by the expression Pat«Hel 


OASPL 


M 


10 log^Q f(U) + 10 logj^Q pA - 20 log^^^ (r/200) 


where u « jet density, m/s (ft per sec) 

P « jet density, per kg/m^ (lb per cu ft) 
A » effective nozzle area, m^ (sq ft) 
r » sideline distance, m (ft) 
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Soise'^cuJve!^ generally based upon an extrapolation of the SAE 

of Reference 4) that the power level (PWL) 

of the jet can be found from 


PWL » 10 logj^Q PA + 10 logj^Q f(U) + 50 
and the space-average sound pressure level (OASPLi) , the sound 
of noise with the same sound power level, would be given from 
OASPL^ = 10 log^Q da + 10 log^^^^ f(U) - 6.5 

The method of directivity calculation necessary to predict 
sound levels for any angle or position around the jet 

shcwrirrijura\'4""''“ -"-t-eno.s of this .etho^ If 

earlijr^the'^re^;^^ - As mentioned 

core engine at 

the relatively low exhaust velocities of current and projected 
~ ^^®®®~ratio engines wi33 be dominated in many instances bv 
disturbances produced upstream from the exhaust jet. Thesl 

dominated oy the combustor^design ani op- 

i low-frequency combustion noise 

and the higher frequencies of the turbine broadband noise are 
dependent upon the turbulence level within the burning gases and 

thrin^ff^r'^^J of turbulence-limiting between the co^Ltor Int 
the inlet to the first turbine stage. 

A.n'othod developed at AiResearch predicts combustion noise 

Sirih2'^fh °f engineering parameters normally used to 

describe the physical characteristics of the combustor and the 
combustion process. While these parameters individually are not 
descriptive of the detailed flow /heat transfer/or chemicH lln- 

' ^o point within the combustor, 
collectively they have been shown to predict the order of magni- 
tude of small eng'.ne combustor/turbine system '»coustical per- 
formance. Thus, the development engineer can assess the acous- 
aid^Ltual^t^st?^ candidate systems prior to their development 
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Figure 14. Coniparlaon of Measured and Frecllcted 
Direct Ivlt lee for Jet Noise at 30.5 M 
(100 Feet) . 
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Basically, the method unites the following; 

Variable 

Acoustical power output, Ib-ft per sec (watts) 
Combustion energy release, Ib-ft per sec 
Fuel-flow rate, lb per sec 
Airflow rate, lb per sec 
Temperature, 

Pressure, lb per sq ft 
Typical combustor dimension, ft 
Combustor discharge velocity 

The sound power has been found to be proportional 
factor F, where ^ c 

P. 


Symbol 


to the 


F = T4 - T2 


(1 + f ) 

d e ' T. 

4 


For engine combustion noise: 

PWL « 40 log, p F + B, 

For air-rig combustor noise: 

PWL a 20 logj^Q F + 

Further, from experimental data it was found that B and B 
were, respectively, 23 and 81 decibels (re 10“13 watts) With ^ 
these s^stitutions, the designer of small gas turbine engines 
IS provided with a method to predict the acoustical power level 
generated by a given engine design and, further, to predict the 
effects of changing one or more design parameters . This method 
has proven useful for several families of small engines. 

- system noise.- Gearbox noises evolve from the unsteady 

forces associated with tooth-meshing action and is a function of 

irregularities in the tooth profiles, and the 
flexibility of the gear teeth. The resultant unsteady forces 
excite ^e gear blanks and generate sound fields within the gear- 
box casing. Coupled with this, the vibrations are transmitted 
from ^e gear blanks to the shafts and shaft bearings and subse- 
quently to the gearbox casing. Thus, the gearbox casing is 
excited both by directly transmitted mechanical vibrations and 
indirectly by the acoustic field generated within the casing. 
Both the sources of casing vibration result in noise radiating 
into the external field. For geared fans, this noise is also 
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predicted by the computer program. The logic diagram of this 
subroutine is shown i Figure 15. uxagram or tn^s 

. Computer program for predictinq noise from small turhin‘« 
eng^sT- one of the key feois utilized during the^Lall turb o fan 
engine t»tudy \-fas a computer program for predicting bare-enaine 
noise generated by small turbine engines. This program was de- 
signed functionally so that the predictions of each^of the com- 

were”nel^fi^^ (fan, Compressor, combustor, gears, etc.) 

Hat it "’J separate subroutines. This allots widerJ^ti- 

tude in the input of engine parameters for a study such as this 
since^it IS possible to vary one engine componen?^rSr^ter ^t 

Hoise-prediction program considers the noise 

rearward by the various noise sources. It 
?iv?tvf fo^%^Sr^ pressure level versus angular position (direc- 
^ noise-generating mechanism and totals the pre- 
dicted noise for each azimuth. These sound pressure level spectra 
are then extrapolated with the use of techniques described in 
Reference 6 to any desired distance, either radius or passby. 

logic of the fan/compressor noise-prediction routine 

IS shown in Figure 16, while the logic sequence of the overall 
program is shown in Figure 17. 4 ««nce or rne overall 

jjgise goals . - Design goals for the small turbofan enoine 
were 55-inripNdB 152 m (500 feet) on either side of a linS 
parallel to the aircraft ta)ceoff path. Current Federal 
Regulations (Part 36) call for the sideline nSL^t^be 

(1520 ft) from the takeoff path. The 
duratfon H ^°^.P*^**®* With the assumption that the time 

112 corresponds to 

112 PNdB at the 152-m (500-ft) sideline. Therefore, tae two noise 

goals used for this study are from 17 to 27 PNdB under current 
regulatory levels. Since it is unlikely that the regulaS^S will 

95 ^PNdB*nolL"^^ai^?*” 15 PNdB, it is suggested that the 

95 ..PNdB noise goal is more realistic for this study end should be 
the value employed in future noise-related work. 
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Figure 17. Overall Prediction Program* 
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PHASE II - ESTABLISHMENT OP CANDIDATE ENGINES AND 
AIRCRAFT SYNTHESIS COMPUTER PrSm 



Candidate Engine Definition 

from pa' rStric cycle allalvsis ' cycles were derived 

desi,!. peilormenS tL !”*■ ‘'®~ obtain off- 

thrust and thrust decrement with flicht'^sMsd’^^^TS 

xint?s ^s*ho\“Lrti^“°" 

turbine inlet tempe?atS«?'a?rpresJ«ed’ii''?iqire^l8 °°5S**d‘ • 

their“w^ighL'''were^”uS®Lr;?trJhrusrof 

sra:«E:s£“"«™ 

engines, the lower bypass ratio engines provided oreater 

engln^I o“fL:?1l:: 

Off was judged to have the best balance of take- 

off, cli^, and range performance. The fan pressure r»r<rt -la 

i“2as‘’d«lled'^Tth2%*'’“* P*rformance gSallties. a«e?ore! 

It was aeciaea that the fan pressure ratio (1.48) of 4 -ho rdd k 

engine would be used in candidate engines lA, IC, IIA, and IIC. 

in the program, it was considered desirable to oorfot-m 

and%«forma”rc^a?icL?JsiJ«*ofThJgh!2?p“s‘%“^^ 

prassura-ratlo engine. The BPR-9 cycle frorSls Sar^i^Tc 

eI!giM^Il2/lBPR*^ The^f® engine, later iLntified as 

engine IIC/9BPR. The fan pressure ratio selected was 1.29. 

propum-y^ desirable flight speed, 

ff^S f 4 r!, *”'* tnrust-decrement characteristics identi- 

fied, final cycles for candidate engines were deriwd fro«%K- 
guideline, developed in Phase 1 and fwJl IJ-Septo iUJchiSS wliv- 

differed^ln^aavfr«i^ ««lected aerodynamic components. Pinal cycles 
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eliinination of core-pressure-ratio-9 engine candidates IIIa and 
These candidates were eliminated because suitable off-the 
shelf components could not be obtained anri ^ “7? the- 

components would re,uire°L ex^ndiSurf 0 ^“^ “Jo!:"'' 

ever, the candidate IIC/9BPR referred to previously was^dded 
be^doff^ candidate engines. These engines were to 

tivit5 analJses®‘®The synthesis and sensi- 

iwoof” ™ final cycle and performance characteristics 

flight 

tempe^tS^Hetweef iL''J^dSate engiL'':jc!«?" i"seplr^“ eval- 

e?er°on“2ngiSe P™orSLce%nflonLgurawSn!"'’TO^eJgrXf ^ 
was examined over a range of turbine inlet timperatu?ir wi^? 
sulto plotted in Figure 34. The results showed that for TSPC- 
optimized cycles, there was only a 2.5-percent variation in TSPC 
and a negligible effect on the thrust per totL eMinr2l!:?lo5 ' 

f?2r22d """ a -Uistantial varia?ion i^ih^ir^e? iir- 

lilleJ ’ThrMi^iSloJl' TSPC-o.2timised 

cycles. Tne prinicipal efj.ect of turbine inlet temperature on a 

substfntialli^’affL^ed^h*® engine weight is 

substantially affected by core size, it is obviously desirable to 

stress® maximum; turbine inlet temperature consistent with turbine 
ler remni cost, and complexity considerations. The turbine in- 
let temperature of the candidate engines was chosen on this basis 
The temperature is sufficiently low to avoid the ren«?f-emiL ? 
costly turbine blade cooling and also to ensure long life yet^^ 
high enough to keep the engines in the small-core high-bypaL-ratio 
context that ensures a good engine thrust/weight ratio. 

, Component definitions . - in order to obtain the roost credible 
engine^designs performance data, the candidate engines were 
derived from existing AiResearch aerodynamic components, for which 

available, in sJme cases, ^?he compSen?s 
were modified in form or performance specifics. Correspoidina 
adjustments then made to the performance maps. The components 

to**renect^the*'ch*”^ appropriate efficiency adjustments were^made 
to reflect the changes in size. The components and the AiResearch 

candidate they were derived are listed below for each 
Engine lA 

Pan - single-stage axial - TPE731-2 (modified) 

Core compressor - 4-stage axial - ETJ331 
Combustor - annular vaporiser - ETJ331 (modified) 

Core turbine - single-stage axial - ETJ331 
Pan turbine - 3-stage axial - TPE731 (modified) 

Jet nossles - from generalised convergent noszle 
performance 
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Figure 21. Part-Throttle Performance at Design-Point 
Flight Conditions^ Candidate Engine lA. 
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Figure 24. Part-Throttle Performance at Design 
Point Flight Conditions^ Candidate 
Engine IC« 
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Figure 27 ♦ Part-Throttle Performance at Design- 
Point Plight Conditions, Candidate 
Engine IIA* 
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Candidate Engine lie. 


and Climb Performance# 


74 










0.0901 


0.085 


o 

^ 0.080 



7315 M (24,000 FT) ISA 
360 KNOTS TAS 
22 N/MIN (5 LB/MIN) BLEED 
10 HP EXTRACTED 




0.075 


0.070 L. 
1000 


1400 1600 

THRUST -N 

-J -1 

loo 360 

THRUST - LB 


Fisure 30 . P.rt-Throttl« P,rfor»«c. « 

Flight Conditions, Candidate Engine lie. 



THRUST - 










MACH NUMBER 


Figure 32. Full- Throttle Performance at Cruise Altitude 
Candidate Engine IIC/9BPR. 
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Figure 33. Part-Throttle Performance at Oeeign. 

Point Flight Conditions, Candidate 
Engine IIC/9BPR. 
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Figure 34. Effects of Cycle Temperature on Engine IIA. 




















Engine IC 








Core compressor - single-stage centrifugal - TPE331 

(modified) 

Other components - same descriptions and derivations 

as lA. 


Engine IIA 

Core compressor - 5-stage axial - ATF3 

Core turbine - single-stage axial - TSE36-10 

Other components - same descriptions and derivations 

as lA 


Engine IIC 


Core compressor - single-stage centrifugal - TSE36-10 

(modified) 

Core turbine - single-stage axial - TSE36-10 
Other components - same descriptions and derivations 

as lA 


Engine IIC/9BPR 

Fan - single-stage axial - TFE731-2 (modified) 

Core compressor - single-stage centrifugal - TSE36-10 

(modified) 

Core turbine - single-stage axial - TSE36-10 
Other components - same descriptions and derivations 

as lA 


The derived components were modified substantially in mechan- 
ical design. Hov/ever, care was taken to avoid affecting aerody- 
namic performance. The candidate engine components are considered 
to be conventional and reflect the current state-of-the-art <n 
their projected performance. 

^coustic analys is results and attenuation tre atment. - The 
results of the acoustic analysis of the five candidate engines are 
presented in Table VIII. As indicated, the 85-PNdB goal could not 
be achieved with full attenuating treatment of the inlet and both 
walls of the bypass duct. Substantial redesign would be rccuired 
in all five engines to meet the 85-PNdB goal. Figure 35 was pre- 
pared to illustrate the severity of the 152-m (500-foot) /85-»NdB 
goal versus present and proposed regulations at a 0.25-nautical- 
mile Masuring point. The five candidate engine noise levels in 
this figure are single, unattenuated, bare-englne predictions, with 
no allowance made for airplane shielding, flight speed effects, or 
tone correction. Because these points fall substantially below the 

85-pSSS gJJ?°wn^nori??;m^:d?”^'”* 



table VIII. 


ACOUSTIC ANALYSIS RESULTS OF FIVE CANDIDATE 

SIDELINE NOISE - TWO 

ENGINES j • 



Unattenuated 

Noise 

(PNdB) 

Bypass Duct 
Treatment for 
95 PNdB 

Noise with 
Full Inlet and 

Engine 

Forward 

Rear- 

ward 

Weight 
kg (lb) 

Length 
cm (in) 

Bypass Duct 
Treatment 
(PNdB) 

lA 

1 

94.5 

97.0 

3.86 (8.5) 

30.5 (12) 

88.0 

IC 

94.5 

99.0 

7.26 (16.0) 

61.0 (24) 

90.0 

IIA 

95.5 

98.0 

5.22 (11.5) 

43.2 (17) 

89.0 

lie 

94.5 

97.5 

5.67 (12.5) 

40.6 (16) 

88.5 

lie/ 

9BPR 

95.0 

99.0 

5.44 (12.0) 

30.5 (12) 

87.5 


In order to meet .;he 95-PNdB value at 500 feet sideline 

suDDrLseS®°^^h^°"^^ propagation noise needs to be 

suppressed. This can be acnieved by lining the outer wall of the 

llV.ys attenuators: using perfora?ef me?il (LIT- 

metal) honeycomb absorbers, were designed to meet the noise redue- 
tion requirements for each engine. The weights and lengths of 
the attenuators are given in Table VIII. The thic)cnessea of the 
honeyco^ absorbers are 9.5 mm (0.375 in.) for engines lA through 
lie, and 30.5 rom (1.2 in.) for engine IIC/9SPR, ^ 


/ 
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Engine Configuration and Weight Analysis 

co nfigurations .- The basic layouts of the 
candidate engines and their dimensions are presented in 

with layouts were prepared in accordance 

engine design principles established in Phase I. The flow 
represent ^e aerodynamic components and the cycles deter- 
^2-^® candidate engine definitions conducted in Phase II. 
he configurations shown are supported by a considerable amount of 
preliminary mechanical design and stress analysis. The layouts 
represent the materials and manufacturing n»ethods that wore 
selected as baselines for this study. The layouts are judged to be 

provide a basis for credible weioht 
and cost analyses of the five candidate engines . 

was designed end sized for use on the lA, IC, IIA, and 
lie engines. This fan has slightly different match points for each 
engine, because of the small difference in fan airflow required by 
each engine ^cle. The nominal 100-percent sceed for this 1 48- 

17»000 rpm. A separate* fan design and size, 
TTP/oniS^ pressure ratio at 11,110 rpm, was required for the 
IIC/9BPR engine. Both fan baseline designs used Ti6Al-4V titanium 

2.5. The fan blades aie attached to high-strength, low-allov steel 
h^s and have integral stub shafts. On all engines , ?he fan o““t 
Stator was divided between the inner and outer flow paths. The 
inner stator was located close behind the bypass splitter. The 
outer stator was positioned about 51 mm *2 Inches) downstream of 
the fan, in an effort to achieve a low-noise design. Both stator 
vane rows are integral with a steel weldment, attached to the 
engine front frame, and include the inner and outer fan flow-path 
walls, and the nose section of the bypass splitter. 


T'he front frame of all engines contains the thrust bearings for 
totors, the radial accessory drive shaft, and, in the IIC/9BPR 
engine, ^e fan-driving reduction gear. In all engines, the frame 
is a shell-mold altaminum casting with six integral struts. The ac- 
cessory gearbox is mounted on the bottom of the frame, with the 
radial drive shaft, and with the front bearing cavity oil drain 
passing through the bottom strut, into the gearbox. 

The five candidate engines differ primarily in their core com- 
pressor configurations . 


o Engine lA has a four-stage axial cctnpressor, providing a 
4.27 pressure ratio at 37,280 rpm. Each stator stage is an 
integral-wheel-type investment casting of 17-4PH steel 
alloy. The individual stages, t.^ether with front and 
rear shafts, are joined by electron-beam welds. The 
cantilevered, strip-stock stainless steel stator vanes 
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Figure 40, Candidate Engine 

-RIMARY JET NOZZLE 150, e CM (59.3 IN.) Configuration IIC/3BPR. 
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are Carried ° support foot. The stators 

are carried in a steel casing, split into upper and lower 
halves by horizontal bolted flanges. 

o ® single-stage centrifugal compressor, 

giving 4.28 pressure ratio at 34,680 rpm. The rotor 

Ti6Al-4V titanium forging, 
a shaft that is integral with 
the turbine wheel. The compressor diffuser is a stain- 

tw^ axial! rows-one radial and 

c IIA has a five-stage axial compressor, giving 

rpm. With the eLeption of 
e additional stage and a variable inlet guide vane, 
this compressor is similar in form and construction to 
the compressor in engine lA. 

o Engine IIC has a centrifugal compressor, givinq 5.85 
pressure ratio at 36,733 rpm. It is similar in all 
rGsp6cts to tho IC compxress or • 

o Engine I1C/9BPR has the same compressor, but has 6.17 
pressure ratio at 35,848 rpm, the difference being due 

sur^Ltio!'' temperature with the lower fan pres- 

All candidate engines have annular combustors, with multinle- 
vaporizer-pipe fuel injection. The liners are nickel allovihi!^ 
metal weldments, and the inner and outer housings are stainless 

weldments. The lA and IIA engines llTe llrli.ht- 
- rough flow combustors, while engines IC, IIC, and IIC/9BPR have 
reverse-flow combustors that wrap around the turbine section. 

engines are similar 

axial flow, single-stage units. The rotors are inteqral-wheel 
type-investment castings of IN-100 nickel-base alloy? The turbine 

The fan-driving turbines of all engines are similar axial-flow 
tiree-stage configurations. The rotors are INCO 713C investment 
castings, with high-aspect-ratio blades and vibration-damping tip 
shrouds. The stator is integral with the cast INC0^713C tur- 

bine casing. The casing is made of split halves with horizontal 
tlanges. The second- and third-stage stators are multi vane seg- 
ments, also cast of INCO 713C. 

. The rear fra^ of all engines contains the rear bearing cavltv 
This cavity. Partly made up of shaft elements, contains an inter- 
shaft roller bearing, which provides support for the core rotor 
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ana tha fan-turbine roller bearing, which is carried in the rear 
rane structure. The frame has six structural support struts 
tnrougn the flow path and a rov/ of investment-cast straightening 
vanes to remove swirl from the gas exiting the last turbine stage. 
ih<; inner exnaust diffuser cone is integral with the frame. The 
outer cone, or primary jet nozzle is attached at a connecting 
tlange. The frame and exhaust cones are N-155 iron-base alloy, 
sneet retal weldments. 


Tho bypass ducts of all engines are aluminum weldments. The 
forward duct is of honeycomb construction, with a perforated inner 
wall providing required acoustic attenuation. The rear duct is of 
single-wall construction, and at its aft termination, forms the 
secondary jet nozzle. 

The snaft systems of all engines except IIC/9BPR consist of 
two cc-rotating shafts, supported by two bearings on each shaft. 

'jf tno four bearings, tho core rotor thrust bearing has the largest 
conoination of speed and loading. A 55-mm thrust bearing was 
chosen for all engines, with resulting bearing DN values between 
1.6 and 2.05 million. These DN values are considered to be near 
tne state-of-the-art limit for small aircraft engine bearings and 
•would require considerable development effort to achieve satis- 
factory bearing life in this application. 

The shafting configuration of the IIC/9BPR engine is unique 
in t;.at a reduction gear is required on the fan rotor to accommodate 
tno design speed difference between the fan and the turbine that 
drives it. The gear reduces the turbine speed bo a ratio of 0.652. 
This IS accomplished by a single internal/external spur-gear ar- 
rangement. This differs from customary geared-fan designs that use 
a planetary reduction gear, with coaxial input and output shafts. 

In tnis design, the shaft axes are offset 33.83 mm (1.332 inches). 

As a result, the fan axis will be offset that amount from the 
engine core axis. To accorratiodate this offset, the front frame cast- 
ings must have carefully designed transition ducts, to match the 
fan exit flow path to the core and bypass flow paths. With this 
accomplished by castings, the resulting cost penalty was judged to 
be minimal. When compared to the usual planetary gear-reduction 
system with as many as seven individual gears, the internal/external 
gear-reduction design would effect a considerable reduction in total 
cost. An additional benefit is the substantial weight savings 
potential of the simpler design. 

Controls .— The fuel— control system ^'elected for the candidate 
engines utilizes electronic sensing and computing to provide the 
basic control logic for acceleration and thrust modulation. As 
shown in the diagram in Figure 41, the fuel-control system is com- 
posed of four major sections: 
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o An electronic computing section 

o A fuel supply section 

o A fuel metering section 

o A pneumatic actuation section 

The fuel-control schedules consish 

“'uiror^sJch operating line, should schedule shaping be 

thf compute" a simple ^odili^^uL L 

^ glectronic computer.- The electronic control sets the aas 

gi-ntrator speed (Nq) by modulating the fuel parameter fWr/P?^ ^ -t-k 
povv'er lever generates an i i i parameter (vvf/P3) . The 

-^?rVaLdra:r:^ iflLiS?: 

,|gna“?°^iurfng=^^L":ei:ratL“n:1he^',“l1i|^^ 

sect!on'\^^ 

(■ 3 ) to a value Px) the ratio o£ which is proportionJ^M Jhe 

tir relJir^-ISn ;oi"^a!vI“,l^7“Lid^: --ere^Jture) . 

vide a reduced but safe enginS^operatiL ^ Prsssure to pro- 

olectronic control logic ?.®'p?es^nt'ed\"^ It^ur^ 

f,, 1 supply. - This section receives fuel from the aircraf-- 

fuel system, filters It, and delivers it to tha 

out"' required pressure level. An electrically operated^lock- 
out valve rs used to shut off motive flow during the enSi^rJt.r?- 
ing process. It is proposed to use a gear pump operatinu at 15 MO 

^ inain fuel pump and an injector pump as the boost eleznent. 
Based on an estimated total pump flow of 680 \cn/hr ziemn ^ 

hour), and a maximum discharge pressure of 165 N/cm2 (240^psiaf 
per " displacement of 1.43 cm3 (i.io 

. This section is composed of a conventional 

beliows-operated metering valve and a bypass valve to maintain a 
constant head across the metering valve^"^ A maJuatlJ operJJed sSut- 
off valve IS controlled by the power lever operated shut 

frni actuatior u" This section contains elements that con- 

These ileSinH"™!" ’ metering velve ectuetion bellowe. 
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(a) Two overspeed trip mechanisms — one for the gas generator 
section and one for the free turbine section of the 
6ngin6~~to prot^sc^ against an ovarspead failura inode* 

(b) A Peel limiter element to provide manual control in the 
event of an electrical power failure. 

(c) A pressure control valve that is used in normal operation 
as the interface between the computer and the fuel meter- 
ing section. This unit receives electrical signals from 
the computer and provides a pneumatic pressure to the 
twtering valve actuation bellows to properly position 
the metering valve to provide the desired fuel flow. 


suitable control system approaches, the 
applicability of the fuel control concept described in NASA 

D-5871 (Reference 12) was studied. This control 

rennrt * turbojet engine and the evaluation 

report o^ this activity is contained in Appendix B of this study 

jrGpOjTC* * 


Accessories prescribed for the candidate engines 
include a starter generator, oil cooler, speed sensors, ignition 

ignition plugs, hydraulic pump drive, and 

an 01 1. pump • 

starter generator . - A 28-volt, 200-ampere starter generator is 
candidate engines. This size was selected as 
much for generating capacity as it was for starting capacity. A 

?hl capacity will provide sufficient power to support 

the electrical needs of the airplane in one-engine-out situations 
However, the pad should le capable of handling generators of laUgir 

ant^-ice equip^nt” provided with extensive electrical 

seali ^ of 9*5 1/min (2.5 gpm) was derived by 

oil system. With a dwell time similar to 
capacity could be as small as 1/2 gal- 
capacity, it was determined that an oil-supply 
be integrated into the accessory gearbox case desi^. 

such as reduced plumbing, better ^ 
pump, less air to remove'from the oil, 
and the elimination of a separate stainless steel tank. 

cooler.- The oil cooler proposed for the candidate engines 
is an aluminum unit 12.5 cm (5 in.) long with a barrel diameter of 

(110 P) fuel, oil flowing into tlie cooler at 422^K (300*P) would 

lubrioitlon win 

ensured by maintaining the oil at this temperature. 

am*.m » - A fuel heater is not recommended for the candl- 

available that contains an anti- 
all jet^fiJI; anticipated that it will soon be available in 
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sensor.- This sensor would provide a soeed sian^i t-.. 
indicator. Magnetic screws would be insLted in the 
tips of two or more fan blades. Speed would be sensed bv an in- 
expensive monopole pickup aligned with the magnetic screws. 

? (HP) rotor. It would provide a signal to the elec- 
fuel-control computer. Normally, the signal would be aener- 

driwn^by °PP°site a toothed wheel 

ariven oy tne HP rotor. However, ripple voltaqe from the star*t*br 

generator may be used to provide the N 2 speed indication if the 
signal characteristics are satisfactory for 

exci ter, lead, and plugs.- a dual ignition svstem i <3 
proposed for the candidate engines. The exciter will be r^anaKi f 
operating for long periods of continuous ignition. The ignition ° 

w!?h Vlai the engine. S??Lgh? ig^^^iorp^igS 

with lead elbows are provided. These plugs are very reliable and 
cost about one-half the price of 90-degreI plugs! 

«« P^P d rive.- a pad and drive system that is caoable 

driving customer accessories will be 
12?Oof?pm. ^ speed iu! be 

ravitll|-S^h furnish lubricant to the bearing 

drli^ ?ni-« accessory gearing. Since the forward cavity will 

drain into the ac . .ory gearbox, only two spots must be scavenaed 

geLb^^ pressure stage will take oil directly from the accessory * 
use ol ; sc«eJ^rse«JSn? 

s. small and light. It will be driven 

porting. The pressure element will pump 95 1/min (2.5 gpm) at 

therS altitude limit of 9144 m ( 30^000 ft) 

there will be no significant decrease of flow. Therefore, the 
system can operate without pressure regulation, employing only a 
starts. relief to limit pressure buildup during cold 

The IIC/9BPR engine having a gear-driven fan has additional 
^d^cool th I’^bricated. Oil must also be provided to lubricate 
reduction gears. The pressure pump section must pump 
19 1/min (5 gpm) at rated speed. p P 

. conf iguratiw . - A nacelle design study was conducted 

design and configuration cri^Srii 
these small engines. No attempt was made to define 

or to provide the total internal/ 
external flow- field matching that would be required to accon|>lish 
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optimum installed-engine/nacelle performance. However, nacelle 
design criteria were addressed to the extent that a credible 
overall nacelle configuration could be achieved that would be 
to tae five candidate engines and would reflect the 

ro.uUina fron confisu- 

The nacelle/engine installation study layout for the iiA 
engine is presented in Figure 43. This figure illustrates the 

accessory location, and general nacelle configura- 
tion characteristics. It is representative of all the candidate 
engine nacelles. The only characteristic that appear! J^dif^i!- 
guish the small~engir.,e installations from those of larger engines 

nacelle dii^ensions required to 

!!r?ic2l!!H- in the axial-flow engines 

1 articulai^y , tnc accessories dimensions were found to affect thf^ 

nacelle length as well as the dxameter. With limits on nacoLf 

rates of curvature established by aerodynamic 
araj criteria, the radial projection of the aocessoiy envelS™ 

tf?ie'"?L»“'^5 the length of the inlet and the rea^a^rdlsHnce 
an arLtM?v noriles. For example. Figure 43 shows 

showrsrLorLi?po:Lbifiizr!is%^a;‘’:iu%r"'":h^^ 

envelope and meet these niceUrcoStourumr J.?"®" accessory 

trifuS? nacelle length of the shorter engines having cen- 

compressors and reverse-flow combustorfi ic 
the engines with axial-flow compressorr Wi!h !h« i 
diameter occurring at the rear nf i-hrx * . the larger combustor 

oter - fiam- 

!bout"J“J,"thus"nv[dinu‘’;h“' Hach'nJ^er". 

velocity, the Mach number ia n k,- 7 i maximum cruise 

fusion ii th^ oTo s::«"Lch "curr"';;‘.i"?5T*“ 

to offset the drag effect of thia should be possibJLe 

properly contourina the inia«> r amount of diffusion by 
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Figure 43. Installation of Engine IIA. 
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Table IX presents the overall dimensions of the candidate 

di^„sions 

and servicing can be grouped at the bottom of the engini wi?h 
access ^rough large hinged door panels. Engine mounting can be 

reSovai"S5*?hrenoS”*%J^®^-^^?^^^^ installation* and 

^ • 5 engine. The simple-three point mounting svsteir 

iesTo^ studr’'^3??s^" link) was achieJId if the 

design study, with no compromise to the engine design. 

small size nor the configurations of the candi- 
were found to have either a detrimental or advanta- 
g ous effect on the nacelle configurations. Conventional nacelle 

th^tand^datt^eSgintr'^"^'*'''^ practice should be applicable to 

were weight calculations 

r u • layout drawings of the five candidate en- 

with engine component weight was calculated separately, 

part being resolved into simple geometric shaoes to 

analysis. By this method, ?he engine weigS?'^estimates 
should be accurate to within 5 percent. estimates 

The nacelle weight was ca.lculated for each engine bv scalina 

fiTeHoiif produced for the AiResearch TFE731-2 turbo- 

^ component weights separately evaluated were: 

pylon; engine moanting structure; cowls and skins; fuel, pneumatic 
hyaraulic, and lubrication lines and fittings, including trapped 

fid^cont^olS extinguishing systems; instrumentation 

ana controls. In addition, pylon and nacelle structural weights 
were calculated for the nacelle design study shown in Figure 43 
confirming the weights derived by scaling. ' 

Table X lists the estimated basic engine weight, the total 
engine weight with accessories, bypass du2t, and jet nozzler 

pylon weight, and the total installed'pod 
weight. In addition, the weight of engine lA with a steel fan 

of^Qnh«i?f a steel compressor are given to show the effect 

of s^stituting steel for titanium. Finally the engine specific 

ratio) is given, as it was input^to the 
aircraft synthesis computer program. 
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TABLE IX. NACELLE DIMENSIONS AND 

CHARACTERISTIC ENGINE DIMENSIONS 


Engine 


an Diameter 


Engine Diameter 


Engine Length 
to Primary 
Nozzle 


IC 

IIA 

lie 

IIC/9BPR 




53.34 

21.0 


127.76 

50.3 


62.23 

24.5 


119.38 

47.0 


53.59 

21.10 


127.50 


45.21 

17.8 


60.19 

23.7 


124.97 

49.2 


150.60 
9.3 


Nacelle Width 


Nacelle Height 


Nacelle Length 
to Secondary 
Nozzle 


71.63 

28.2 


146.56 

57.7 


68.33 

26.90 


76.07 

29.95 


118.11 

46.5 


154.94 


66.29 

26.1 


75.06 

29.55 


14.21 


74.6 

29.4 


181.48 

71.45 


Nacelle Length 
to Primary 
Nozzle 


172.9? 164.59 171.71 170.18 

68.1 64.8 67.6 67.0 


208.03 

81.9 
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Airplane Definition and Analysis 

, .. Iijj-tial engine/airp lane performance analys iQ - The airolane 
detinid-f5r the initial a nalysis was te Hii d a^ ■* co A vers ion 
fan engines were substituted for the piston engines used in the 
Model 340 With mnimum change to the configuration Fio- 
ure 44 IS a three-view study drawing, showing the fo?i«S-exteLion 

oanipulat‘^g''enli“^ff^^?J-rre"‘Ja?LrLr^ 

tnrust requirements throughout the desired airplane performance 

c-uise, each having significantly different thrust decrements ThP. 

a'ri^lJ performance match was thereby identified* As 

a result ot this exercise, the fan pressure ratio variable was 
e iminated from the parametric engine work conducted in Phase II. 

Performance yround rule suggested bv NASA wa«? in 

££££-£-— t^-t sr 

inuinfout °* 1“ ■" ft) Ibove runw^rJovaJ^th oni 

value for <thrust-drag)/weight 

approximat^l'i*’® during the ieooSd-segment'“oiiiSb^pteie’is 

I proximatel> constant. With the requirement that tan v - n noA 
Where y rs the angle between the flight patt anS theSoriion; 


applicable equation, 


COS a 


may be solved for net 


gradLt'"’-^!"l^^!:--^’^-“^"'“‘" thtbstho r,eet the 2.4-percent 


solution assumes 


a constant W 


(aircraft gross 


weight), u (angle of attack), and By determing 1.2 V for var- 

murthJu“t“regul«„e«s"is SaKwe“”?;.'‘ "“i' 

VaJI Second segment-clinOj profiles for the minimum 

aAd lirTay ai^^’sp^eJes!”' """ 
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NET THRUST REQUIRED 



at Gross Weight of 2722 kg (60Cj lo) 







the capabilities of the Cessna 

Model 340 ••conversion" having a. decreased wing arerwith simna^ 
basic aerodynamic characteristics. Initial studies compareS a 
turbofan with different bypass ratios It var”uf 
valuer of range and takeoff distance. The aircraft cross weiaht 

lit ‘he cruisriiu?;il 7”n m 

(24,000 ft) and the cruise speed 648 km/hr (350 kts) TAS Instal- 
led engine weight differences affected the available fuii lold 

Iwnf a«hcted the Iluise li“^dllf iatio 

aI ?«ect of by^ss ratio (BPR) on range !s s“wn 

Range is maximized with the BPR = 5 engine cycle due 

/V. the Model 340 wing-loading from 156 to 269 kc/m^ 

(32 to 55 lbs per sq ft), the L/D ratio at start of oruile with tl. 

increased f“m 6.13 

The weight difference between the turbofan and reciorocAtin- 
engines yielded 24 3 kg (535 lb) fol IwuIoII? 

While maintaining a 344-kg (1200-lb) payload, the highllMilc- 

'^®‘‘®hsed frIm®2l4r?I"!81oT 

“s:.;.-! s‘s. 

percent Powler-action flaps*^^ aI 
f I In 111. a maximum lift cISf “III; of 

3.0 in the landing configuration should be attainable. While 
maintaining the gross weight and stall velocitierof ihe M^ll 340 
the wing-loading could be increased to 317 kg/m^ (65 lbs per sq 

£fi* aircraft configuration was refined, engine sizina and 

wing-loading was traded and adjusted so that the takeoff and ?a«a° 
mg characteristics of the Modll 340 Iluld le rlt“lll! 

In the initial takeoff analyses, a reasonable takeoff oerfomn 

1.97 in the takeoff configuration, with 5:1-BPR turbofan enaines 
the normal takeoff distance to 15 m (50 feet) altitude at a aroaa 

balanced field length was calculated to be 1027 m (3368 ft) with 

occuriiirai ii4”kf i,rir’?a jii .“e!."?!?: 
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accelerate-stop distance) are not directly comparable, the two 
aircraft display similar takeoff pertormaioe? The seio^d-s^Lot 

57 ^5750 ft) on an xnternational standard altitude (ISA) + 

fnA the high-winq-loaded airplane 

t)ypass-ratio engines, low-speed performance could be 
signxficantly better than that of the Model 340. 

areatlr^«-h^n^?^?® indicated that turbofans having bypass ratios 
^ required to meet the 914 m (3000 ft) 

urat?ni®h^^^ requipments specified for the study, with a confiq- 

K a hxgher wxng-loading than the Model 340. Further- 

ruor6, based on the results shown in Fioure 4 6 ^ 

that the high nacelle drag and greater’ weL^^of 

ratio engines would penalise cruise ^rto^aLe aJd foJ’^ 

range would result in a larger, more^xSJS^f aiJplfw.^ 

The preliminary airplane modeling and sizing studies 

“i definilion of viS^llMi^^drif 


synthesis and sensni^i^ra^SiJs^s . ‘ As descJib^^!^“^L'se 

oL^rip-JJn- I bTs^fi-^ 

:jgn“p^s-wa%%-T:o=?a%'?SlT 

P«lo™an?ers?ruc:u?al‘’:e?Shrand™^ , 

Sion slyinrr = wexgnt and balance, economics, end propul- 

il^h;..!^^ economic correlations used in the program worrprinl?- 
of^Adwanc=a techniques discussed in the “Technology Assessment 

LocJS”eorgirtL?:jehcr8?!"'"'‘'” at 

With ssrsr^a?^^ rr^i“n"i 

fomanre the ability of the program to duplicate the per- 

th« feasibility of the mSdeUng ap^roa?? for 
Powerergel:«:n:?aui„‘’a!j2?.fl;!"'‘“"“"“* turbofan- 


liz 




1 


V- 


f: 


The operational procedure and usage of the NASA synthesis 
program was initiated by defining a representative tuSSfa^imine 
cycle as a substitute for the reciprocatinrenginL u^^^ thl 

wi^^?he^usi of°‘ I^lars were defined for the turbofan model 

thP^r^mn^/^f Cessna, and modified to reflect 

the removal of the reciprocating engines and nacelles. Airolane 

sizing determinations were based on the group weight 

ariangement of the Modll 340 shLn in 

adoptfon'LSlSodf requitenents reoo,,anended for 

O Cruise altitude of 7315 m {24,00'J ft) at 
648 km/hr (350 knots) TAS 


o 

o 



Six-seat capacity 

TSoo^ft?*^^ landing distance not greater than 914 m 

o A 2. 4 -percent climb gradient to 122 m (400 ft) 
above the runway elevation specified in FAR 25 

^ minimum thrust-to-weight ratio for climb 
a stall velocity of 1.2 must be maintained as closely as pos- 

122 m' (400 ftf'JuSlS^ aircraft during the climb segment ab^e 
fore the elevation is approximately constant. There- 

lished r>ne”Jf required to meet the climb gradient estab- 

siSn« engine sizing requirements. The other engine 

til sla?J orc^ise! ‘>1’ *^*>a net-thrust requiremant at 

various^tIikl^iJ^th£*^a^’^^'” consists of several modules that perform 
various tasks in the design of general aviation airplanes The 

fundamental modules that form the basis for the synthesis program 
consist of an airplane geometry module, an aerodynamics module a 
propul Sion- system module, a weight and balance module, n mission 
^ module, and an economics module. Input for each module 

dc"!u“;ar internally by oS^r 

design variables that are input directly, oi both. The integrated 

the program methodology ensures that^the 

Tn^the^J of design variables are continuously accounted for 

in the aircraft sizing procedure. a».v.uuntea ror 

^^®^®®^culation8 performed in the airplane geometry module 

fuselage, empennage, and engine 
nacelles. The wing geometry is characterized by parameters^such 

thickness: 

fuselage shape and volume are related to the num- 
ber of passengers, seating arrangement^ and fuselage oonf icuration 
Typical output of tha gaomatry mJdula la ahoii. li. p*,«2 IS? *“®"- 
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Figur# 47. C«s.na Nodal 340 Oanaral Arranganant Drawing. 

115/116 


FRAME 




dROSS NCIOHT 
FUSELAOe 

WING 


HOR, TAIL 


VERT. TAIL 


ENO.NACELLES 


TIP TANKS 


■ 6230 , 

length 

WIDTH 

wetted area 

DELTA P 

ASPECT RATIO 
AREA 

span 

6eom, mean chord 

QUARTER CHORD SWi 
taper RATIO 
ROOT THICKNESS 

TIP Thickness 

WING LOADING 
WING FUEL VOLUME 

ASPECT RATIO 
AREA 

span 

mean chord 
thickness/choro 

MOMENT ARM 
VOLUME COEFF, 

ASPECT RATIO 

AREA 

SPAN 

mean chord 
thickness/choro 

MOMENT ARM 
VOLUME COEFF, 

length 

mean diameter 
number engines 

WETTED AREA 
VOLUME 

diameter 

LENGTH 
WETTED AREA 


PASSENGERS ■ 

5, PLUS 

CREW OF 

(ELF) 

32.13 

FT 

(SWF 5 

4.67 

FT 

(SF) 

371. 

SOFT 

(OELP) 

5.21 

PS I 

(AR) 

7.86 


(SW) 

100.5 

SOFT 

(B) 

28.1 

FT 

(CBARW) 

3.64 

FT 

EEP(DLMCA) 

0.0 

DEG 

(SLM) 

.615 


(TCP) 

.160 


(TCT) 

.090 


(WGS) 

62.0 

PSF 

(VFW) 

15.9 

CUFT 

(ARHT) 

5.32 


(SHT) 

44.8 

SOFT 

(8HT) 

15.43 

FT 

(CBAHHT) 

2.96 

FT 

(TCMT) 

.075 


(ELTH) 

16.0 

FT 

(VBARH) 

1.960 


(ARVT) 

1.71 


(SVT) 

23.7 

SOFT 

(8VT) 

6.36 

FT 

(CBARVT) 

3.80 

FT 

(TCVT) 

.075 


(ELTV) 

17.0 

FT 

(V6ARV) 

.1^2 


(ELN) 

3.58 

FT 

(DBARN) 

1.46 

FT 

(ENP) 

2.0 


(SN) 

32.87 

SOFT 

(VFTP) 

6.46 

CUFT 

(BXIS) 

1.32 

FT 

(AXIS) 

8.90 

FT 

(STIP) 

56.10 

SOFT 


Figure 48. Suimwiry Output for Sizing. 
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The aerodynamic module computes the airplane lift and draq 
^ point-by-point basis during takeoff, climb, 
cruise, and landing. The cruise drag is determined for each air- 
craft component based on Reynolds number and Mach number. Form 
factors are used to account for body shaping component interfer- 

existing aircraft. Cruise 

lift IS based on an input value of angle of attack for zero lift 
and a semi-empirical method for computing the lift curve slope. 

high-life devices are^ased 

accounts lor flap deflection, span and chord, wing sweep, thick- ^ 
ness, and aspect ratio. A sample output of the aerodynamic module 
1- presented in Figure 49. Nacelle drag is accounted for as 
either an aircraft drag or as a propulsion system drag reflected 
as an increase in the TSFC. Note that Figure 49 shows the latter 
option with the drag of the nacelles being set to z«S. 


CRUISE MACH ■ ,57? 


CRUISE altitude ■ 24000* 


CRUISE HE*KUM# PER FT# « 2«011E«06 


FLATPLATE CF at RC«10*«7 ! 


aepooynahics UATA 

*«* <«>,. ijj, 

mean skin friction cocff* CHARFi 

‘'ioo?s*2orSw5g i2 ^crfS2Jance» 

loots NOT APPEAR IN FLATEPLATE OR WETTED AREAS) 


drag breakdown in soft 

WINO 

fuselage 
vfrt* tail 
HOR, tail 
engine nacelles 
TIP Tanks 
INCREMENTAL FE 

aerodynamic coeff* 

A1 

A? 

A3 

A4»,75«IT/C) 

A9«C00— 

AG 

A7*I/|PI*SEE«AR) 

3-D lift slope at CRUISE NACH 
OSWALD FACTOR 


CRUISE CO • 
landing gear 


•0301 ♦ *G4G4 CL«wt 

CO INCRENINT* •034S7 


(Few) 

• 892 

(FEF) 

U336 

IFEVT) 

• 222 

(FEHT) 

• 411 

(FEN) 

0*000 

(FETP) 

• 12? 

(OLTAFE) 

• 040 

• ?33S 
-•1158 

• 0534 

• lOlS 

• 0213 
3*19?S 

• 0404 

(CLALRH) 

S^GGIO 

(SEC) 

•8171 


PER RADIAN 


• 00281 


Figure 49. Summery Output for Aerodynamic*. 
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The propulsion-system module provides data relative to the 

Propulsioi^sys?e“ir 

xn^tially sxzed to match the cruxse drag and a rate of climb re- 

Program’optioL arS iLl^^ " 

that a specxfxed takeoff dxstance can be met and the climb re- 

satisfied. Engine dJLetL aif weLht 
were calculated as a function of engine front-face design-point 
Mach number, the hub-tip diameter ratio, and the specific weight. 

^ engine nacelle dimensions were determined from the ratios 

tLsTtuVt^l'^o T. length-to-diameter raSl 

ratxo was established from a survey of 

for the study^ terms of engxne net-thrust decrement was selected 
nrortrlm^ general! zed-eng ine-perfoi manco-data input to the 

p ogram was provxded xn terms of corrected values of net thrust 
fuel flow, and airflow. The engine power setting v;L ^e r^^i^of 

L j temperature. Resizing of the engine was completed on the 

basis of specific thrust and airflow. Inlet total preSure relov- 
ery was accounted for directly. pressure recov- 

balance analysis was completed on the airplane 
the confxguratxon geometry was defined and the engine^size 

Tn Y J trend equations based on the'correla- 

Reference 10 adjusted for the general- aviation 

airplane wei«hf*'* *w fuel was determined frora the empty 
weiohi-c* Whxch was computed by summarizing the subsystem 

xnput gross weight and payload. An option for 
p X y^bg txp tanks is included in the program, if tip tanks are 
al?odJnamics® syndesis program will automatically recompute the 
Plane^weiaht'anrf^i”? airplane structural weight. Air- 

IrTslZTn^in ?JgurL'"SranS"^7 synthesis 


ni mission module provides computations of the air- 

plane performance during taxi^ takeoff, climb, cruise - and landing 

and^aSce?*^® available in this module for calculating engine-out 
and accelerate/stop dxstance, best rate of climb, best cruise lift- 

cteristica*'^°Th^”‘^«^?'*^i^^®^®^ airplane and engine operating chlra- 

9®®^ retraction and ground 

se^e^r ! ®ccowted for during the takeoff segment. In the climb 
egment, speed is restricted to 463 km/hr (250 knots) equivalent 

altitudes below 3048 m (10,000 ft) Fuel 
accounted for in the cruise segment. iu.nge is 
?anae the climb and cruise segment! When a spLific 

f* « program option is utilized that 

! the airplane gross weight until the calculated range is 
® specific tolerance of the required range* 
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VOIVE • 333, kTS VMO • 283, KTS 

ULT. LF « 5,70 MAN* LF • 3*80 

PROPULSION GROUP 


primary engines 
primary engine instl. 

FUEL SYSTEM 
PROPULSOH WEIGHT 

total prop.group wt. 

(WEP) 

(WPEI) 

(WFSS) 

(WPROPl 

(WP) 

STRUCTURES GROUP 
WING 

MOR. TAIL 
VERT. TAIL 

fuselage 
landing gear 
primary eng* SECTION 
TIP TANKS 
GROUP WEIGHT INC* 
total STRUC .group WT* 

(WW) 

(wht) 

(WVTl 

(WB) 

(WLG) 

(WPES) 

(WTIPl 

(OELWST) 

(WSTl 

flight controls drop 

COCPIT CONTROLS 
FIXED WING CONTROLS 
SAS 

GROUP WEIGHT INC* 

total control wt* 

(WCC) 

(WCFW) 

(WSAS) 

(OELWFCI 

(WFC) 

WT* OF FIXED equipment 

(WFEl 

WEIGHT EMPTY 

(WE) 

fixed useful load 

(WFULl 

OPERATING WEIGHT EMPTY 

(OWE) 

PAYLOAD 

(WPL) 

Fuel 

(WFA) 

GROSS weight 

(WO) 


MMO « .753 

GUST LF • 2.61 


632. 

209* 

34* 

0 . 

875. 


455* 

83* 

46* 

644* 

279* 

170. 

85* 

0 * 

1763* 


21 * 

63* 

0 * 

0 * 

83. 

641. 

3363. 

537. (INC* CREW Of U 
3900. 

400. (PAX* 5.) 

1931. iWfWu 794.1 (HFTPa 666. 
6230. 


Figure 50 


Sumnary Output for Weights 
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*<IN 6 LOCATION INFO* 
FUSeLAOe LENGTH ■ 

XINO 1 / 4 C LOC.ON C.L*« 
HAC 1 / 4 C LOCATION a 
MAC OIST*FROM C.L* ■ 
WINO C. 6 ,L 0 CATI 0 N a 
TIP TANKS C.G.LOCATE • 


32*13 

13*94 

13*89 

6*47 

U*?S 

13*99 


H-TAIL VOL, ARM a 

M-TAIL C* 6 *L 0 CATI 0 N ■ 

m-tail mac from C*L* • 
H-TAIL locat on vert** 

V-TAIL VOL* ARM m 

V-TAIL C*G*LOCATION ■ 


AIRCRAFT C*G* LOCATION a 

C* 0 *L 0 CATI 0 N OF PROPULSION* 
C* 0 * 0 F REMAINING NCIGHT * 


13*81 FT* 

20.89| 

10*60| 


OR 


*230 OF MAC 


16*02 
30*21 
3*56 
• 25 
17*01 
31*20 


Figure 51. Summary Output for Airplane Balance. 


operatina^SS«?"’fS? module calculates airplane first cost and total 
operating cost for a converged airplane design based on the results 
obtained from weights, size, engine, mission! etc. F^srlost ?s 

eauiDme!!t'*nnXi-f®^^'"5^i!!® hours, material costs, purchased 

ca?cu?at°a“' overhaul cost ?Sabird^s“«' 

calculated m terms of dollars per hour of operation p?v«h JiL 

annua!"S2?r‘ utilizLion rate anfirclmput^”^ an 

crew salary, ■and^taxes!^“^®^ storage, insurance, depreciation. 

The variable and fixed costs were combined to '’etermin* t-"!*--!! 

'lu^Lr!L“?“?i raSs“1ro“l6rr53S teu“s 

3igS?eri2 Mr33?“" -lotsrained in the synthesis are shoSj in®'’ 


t 
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COST DATA ••• 


CNGINCS 


NUMBER ■ 2 , TYPE* 


empty weight. 3363, i.bs 
CONSUMER PPICE. 3061 SB. OOL. 


DIRECT LABOR ( 4086.MHRS.) 
labor OVCRHEAOUAO.PCT) 
airframe materials 

PURCHASED EQUIP. 

(ENGINE. 65289.) 

(PROP. • 0 .) 

(OTHER • 26660.) 

ENG.TL.SALES.G-AI 36.PCT) 

factory PROFIT! U.PCT) 

OEALER-OIST. MARKUP! 30.PCT) 


MAX. CRUISE SPEED* 369. KNOTS 


BASIC PRICE* 306158. OOL. 
ADO. EQUIPMENT COST* 


13893. 

19513. 

6995. 

115218. 


153620. sub-total 
52180. 

205799. manufacturing COST 
29707. 

235506. DEALER COST 
70652. 

306158. BASIC PRICE 


Figure 52. Sununary Output for Basic Airplane Cost. 


range* 999. N.M. 
fuel rate* 78.3 GPH. 


BLOCK FUEL* 1553. LBS BLOCK TIME* 2.963 HRS. 
T80* 2000. HRS. HOURS/lNSP.* 100. HRS. 


variable COST 

fuel.oil 

INSP.^MAIN. 

overhaul res. 

OTHER 


(OOl/HR) 

37.05 

26*20 

18*95 

0.06 


82.20 total 

UTILIZATI0N(HR$/YR) 100 , 

total OPR.COST (OOL/HR) 686.17 


fixed cost 

STORAGE 

INSURANCE 

DEPRECIATION 

OTHER 

CREW 

faa tax 


(OOL/VR) 

3000. 

6338. (HULL 2.0PCT) 
30616. ( 8.VR-20.RCT) 

0 . 

0. (OVERHEAD 50.PCT) 
263. 

60197. TOTAL 


200 . 

283.19 


300. 600. 500. 

216.19 182.69 162.60 


800. 

132.68 


Figure 53. Suironary Output of Total Operating Cost. 
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PH/ibL III - LV.- -.1.0 AT low Or CAi;i:)IDATU TUKBOFAN ENGINES THROUGH 

/u.^ciO'.FT sy:jthesi5j and sensitivity MjALYSES 


tj.j'jatoci /Mircraft Synthesis Computer Program 

tr review of the synthesis program was completed prior 

u, tnc p.,ru,-,utric analysoH of the candidate turbofan engines SiS 
i-.a, h.xioK. line airjaane. it was concluded during the review t-hat 

operating cost portion of the economics 
...cculc weie required to account for inspection and maintenance 

sumifictr-’ overhaul cost. The updates were considered 

. .nifier.nt,, ... i,.:.e the.se costs can vary widely according to air- 

‘i ond were not adequately defined for 

t-a.b..)i.un eon luuiatif.m; in the original synthesis program. 

^ .•:.unt.en..iu;u co.st.., (labor and parts) include upkeep and repair 
'‘-''o , engine , electrxeal oquipnient, and other accosso- 
^ inspection and maintenance-cost correlation 
empty v.eKjht and total power is described in 
■ nt<'r''.n . ‘ ‘ wos coraparod to the inspection and 

powered Cessna Citat.ion provided 

■'or-- vT-11 -Ml r‘Vi f' uonerated correlation compared 
-he'-eff ro V ^ inspection and maintenance costs; 

.noiefore, the Menera,lizcd correlation provided in the reference 

ance'co!-t-oe^''f M program. The inspection ind mainten- 

■ -ud- o" rh r "" correlation used for the parametric 

ou-aoj Of the candidate engines is shown in Figure 54. 

Periodically, soi. e of the major eguipiment or parts of an air- 
plane will require replacement or overhaul. A reserve for overhaul 
cost .aust consequently be considered in determining the operating 
cost Ob an airplane. Since this cost will vary widely with air-^ 
plane si'^e, the generalized correlation discussed in Reference 8 
toi 1 include overhaul reserve funds as a function of 

to.ul engine thrast. a tost case conducted with the JT15D Engine 

wn^ ''37 indicated that the referenced correlatiorcLt 

compared to $23 per hour as listed in the Citation 
•ba_ ,s brochure . As a consequence, the revised correlation was in- 
In nauJi synthesis model. The revised correlation is shown 

that Obtained with the synthesis program indicated 

that airplane aerodynamic quality was a significant factor affect- 
•ing airplane size and resultant cost for the specified mission. 

It was found that the design parameter that affected the aero- 

n’ost significantly was wing loading. For maximum 
5!^ ratio, wing loading must be such that the induced 

drag (drag due to lift) is equal to total parasitic drag. If 

cruise altitude high, wing loading will be 

11 ^5 high at low to medium altitude, then the 

smallest possible airplane will have a high wing loading. 
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, WH/sdvnoa 

nnVHU3AO B03 3AU3S3y 


total rated thrust, ls 



Wing loading studies were undertaken in order to determine 
of^the loading for the parametric analyses 

?32 and loadings between 156 and 342 kg/m2 

investigated. Other variables such 
as the mission payload and range, airplane configuration, and the 
engj.ne performance were held constant. Figures 56 and 57 show the 
results of this study for the airplane first cost and total opera?- 
shown in Figure 56, the airplane fir?? co?? wa?^ 

4e ?o the wing loading increased from 

rf^.-v2 1 P? • Similarly, as shown in 

• P? total operating cost was reduced approximately 32 

i?*6plb loading was increased from 156 to 303 kg/m2 (32 

*7 PGr sq ft) • This IS attributed to the reduced dr^rr iriu/or- 
-Jirp ane gross weight and the smaller engines permitted by the 
increased v/ing loading, as shown in Figures 58 and 59. Aside from 

advantage! of the high!" win?1?ad?!g 
ana tne reduced wing veignc, there is a definite advantage in the 
guot-loaa factor and passenger comfort. 

evaluate cruise ride quality is the in- 
unction of wing gust response. This parameter increases 
lui v/ing loading and decreases with aspect ratio. With the wina 

r!dr«u'li^v nf '^-“‘erence airplane, an inipjov^meni i„‘crulsr 
crea-i?PPp wfn percent can be obtained by in- 

??? ?n Itf Th?*^ loading from 156 to 303 kg/m2 (from 32 to 62 lb 
Sfe?!nceVii. confirmed with the use of data provided in 

.1 the basis of the economic advantages shown in the wina 

li9ht"twin aUpianS wls 2om- 

piet.a to establish a reasonable stall speed for the referenno 

gross weights and stall speeds are listed in Table XI 
Ihis data vas obtained from Reference 2. The results of this * 

^ stall speed of approximately 145 km/hr (90 

Once the desired stall speed had been selected and the wi’"i 
e-tablish^tho"'m^*^^" ^ trail ing-edge flap analysis was conducted to 

wore selected and their L\?™“u,^rcoef«ci:nts*"„«fJ2?”n^ 
tor stall speeds ranging from 129 to 161 km/hr (80 to inn f 

hour) The results of ?his study are Uli^«ftif i^FlnSrrJr ‘’b^ 
solectiny a stall speed of 146 km/hr (91 miles per hour? and*a’ ^ 
flap similar to that described in Reference 11 ffuii~araim { ^ 

action Fowler), a winy loading of 303 k!/m^ IL fb 
established for the baseline ?irplanl ^Mter LiLffL M 

?har2ou?d“?" that tie iJirpI.nM«J"? 

thdt would tend to minimize the aik^e and cost had hMi rmmur^r^MV ^^^0 

the*^in??fti®?i*^^^®f^”’ airplane model fvr conducting 

IngxnoT, interrelationships with the cindidate 
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WING LOADING, PSF 


Figure 59. Effect of Wing Loading on 
Sea- Level Static Thrust. 
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TABLE XI. SUMMARY OF EXISTING AIRPLANE STALL SPEEDS 
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WING LOADING, PSF 


Figure 60. Maximum Lift Coefficient Versus Wing 

Loading Estimated from Synthesis Program. 


maintain consistency in the parametric 
lisief Is follimi procedure 


engine 
was estab- 


o Base-line mission 

- Cruise altitude = 7315 ro (24,000 ft) 

“ Cruise velocity » ^43 }un/hr (350 knots) 

- Design payload = 181 kg (400 lb) 

- Fixed useful load = 244 kg (537 lb) 

- Range = 1000 n. mi. 

- Reserve =45 minutes 


Engine sizing requirements 

- Start of cruise thrust 

- One-engine-out rate of climb 


The design payload exludes 
weight is included in the fixed 


the pilot and his baggage, 
useful load. 


This 
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Engine Cost Analyses and Price Estimates 


. engine price,- Production cost analyses of the candidate 

engines were done in a manner that would ensure credible compare- 
tive prices for the candidate engines. The engine basic llZllt 
were tne basis for estimating and summing the production cost of 

assemblies. The analyses were made on the 
IS of a production rate of 1000 engines per year and the addi- 
tional assumption that the candidate engine would be produced con- 
currently with other engines in an established facili?^? 

prediction of engine production cost 
Important examples of these ares 


(a) Production rate is a fundamental driver of cost; 
and if the production rate prediction is sub- 
stantially wrong, the same will be true of cost. 
Similarly, the cost of a new engine will be 
affected by a varying production rate of other 
engines produced concurrently in the same facility. 

lb) Initial cost estimates are prepared from conceptual 
engine layouts that can be expected to change in 
ensuing detail design and development phases. The 
accuracy of initial cost estimates depends upon 
the quality of the conceptual designs and upon 
the extent to which the conceptual designs are 
adhered to in later phases. 


(c) The cost of materials and special manufacturing 

processes can be expected to change at much greater 
rates than the general economic trends that affect 
the engine manufacturer's labor costs. 


Despite these prediction difficulties, the candidate engine 
production cost analyses were not hedged in anticipation of cost- 
altering possibilities. A consistent and reasonable set of costing 
ground rules were established which would ensure that the compara- 
tive prices for the five candidate engines were accurate. The most 
important ground rule was that the engines were analyzed as drawn. 

In order to accomplish the overall purpose of this study— —that 
^u' performance, weight, size, and cost interrelation- 

ships between the engine and the airplane— not only must the rela- 
tive price of the candidate engine be accurate, but also the actual 
prices must be fairly and accurately predicted if the engine/ 
airplane interrelationships are to be correct and meaningful. 

In the conceptual phase of a new engine program, the predic- 
tion of O.E.M. (original equipment manufacturer) sales price is 
hazardous, as well as difficult. Since large sums of money can be 
committed on the basis of preliminary engine price predictions, the 
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consequences of substantial error in the predictions qreatlv 
tome^s!^ manufacturer and his airplane-produciJq cus- 

e?f«ts'’of“;mp“!tror*and”hj'st«Sro^ ‘h* 

P''® considerations listed above, but which do nSr' 

I Lh-snr- ^eff 

ice, general and administrative expen«l?'Lf ffotU totarsi 

whno Table XII are based on the preceding considerations 

While the prices are individually subject to further examination 
the comparative prices of the engines are suf flclenwrf «diMf ' 
that the most cost-effective candidate engine caf be ide^Iiffd 
in airplane synthesis and sensitivity analysis identified 


I 






TABLE XII, CANDIDATE ENGINE PRICE ESTIMATES. 




Engine 1 

lA 

1 IC 1 iiA 

r lie 1 ilcy^BPR 1 

O.E.M. Price 
(Dollars) 

45,007 

46,646 

47,756 

47,521 

53,185 

Specific Price 
(Dollars 
per pound 
of thrust) 

34.65 

! 

*35.80 

34.83 

37.42 

35.18 


Of acoustic ai^ir^ n uation treatment , - Result! 
ff acoustic analyses of the live candidate enqines "showed th; 
the engines could not meet the 85 PNdB noise-limit criteria of tl 

mit^bv analysis showed that the 95-PNdB goal could hi 
met by suppressing rearward-propagated fan noise with suitable 
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was defined for each candidate engine? «d a 

Th?%i??i??n?‘'o°rM^°" treatment into each engine design, 

engine is gi?en'in increment for each candidate 


TABLE XIII. PRICE INCREASE INCREMENT 

FOR ENGINE ACOUSTIC TREATMENT. 


Engine 

lA 

IC 

IIA 

lie 

IIC/9BPR 

Price increase 
increment ($) 

770 

1540 

1078 

924 

2772 

1 


.'jyntnesis Evaluation of Candidate Engines 
Following the definition of the reference aim] arw^ m-ic 

si?— 

J. Thw reference airplane was appropriately resi^^an t* 7 i+'K 
r'a:?l?'’?ue? requirements in terms 

H-.^cs airplane synthesis was completed for each candi- 

re fci ana Figure 62. As indicated in Figure 61 thfa 
engine specific cost on the basic airplane price'is apSroxiLtfl- 
X 7 percent per specific dollar engine sale^^pr^e for^^^irSuf ' 

engiL 'orthr?ii;" specific dSllar for Ihe BPR^9 

sricif ic ^L?n! ^ ^ candidate engines evaluated on a constant 

, irr?Su%e'lf 

l!:gIn“:!c??lpR°'tJe%oilfoS«rj^'' ""»rne.lil it ?eL^?%^r:?th 

margin. ^ ^ operating cost is highest by a wide 
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RELATIVE BASIC AIRPLANE PRICE. DOLLARS/DOLLARS REF. 



SPECIFIC ENQINE PRICE, DOLLAR/lB (SLS) 

Figure 61. Effect of Engine Price on 
Basic Airplane Price. 
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RELATIVE TOTAL OPERATING COST 
(OOLLARS/HR|/(OOLLARS/HR REF) 



BASIC MODEL 340 DERIVATIVE 

o RANGE NORMALIZED FOR 1000 NM 

' PAYLOAD: TWO PASSENGERS PLUS BAGGAGE 

CRUISE ALTITUDE: 7316 M (24,000 FT) 

MACH 0.677 

DOLLARS/HR REFERENCE: $150.00 
' UTILIZATION RATE: 600 HR/YEAR 

Figure 62. Effect of Engine Price on Total Operating 

Cost for Utilization of 500 Hours per Year. 
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In addition to the effects of engine specific price the 

candidate engine performance qualities can 
be detemuned from Figures 61 and 62. By comparing the results 
at any constant specific price, the combined effects of engine 

It^is notSbf'’ in 1 ""^^ consumption, and nacelle drag are apparent. 
It xs notable that Engine lA, with the highest thrust-to-weiqht 
ratio, resulted in the lowest price airplane. ^ 

Estimated specific engine prices for the five enoines a «5 
shown in Figures 61 and 62, range between approximately $7^5 and 

specific engine price versus airplane price 
can be examined. For example, in order for the price of the air- 

niJnf Engine IIC/9BPR to equal that of the IIA-engined air- 

oiJ reduction in engine specific price of $2.60 per N ($11.70 

per lb) of sea-level static thrust would be required. This would 
require a net reduction of approximately 30 pe?cent of th^es?i- 
mated price of that engine. 

of engine TSFC on total operating cost is illus- 
trated in Figure 62. Engines IIA and IIC are slightly heavier, 

TSFC than Engines lA and IC, respectively. Although 
they result in heavier, higher-priced airplanes, the TSFC advantaae 
of Engines IIA and IIC results in their providing lower airplane 
total operating cost. Tnis effect of TSFC advantage clearly does 

IIC/9BPR. This engine has marginally the Lest 

offsetting higher nacelle drag, and is 
substantially heavier. ^ 

Engine specific price versus total operating cost tradeoffs 
can be examined. For example, at the reference operating cost of 

difference in total operating costs between L- 
gines IIA and lA of approximately $.'? per hour is shown. Conse- 
quently, for the 500-hour-per-year utilization rate on which the 
estimate was based, a cost difference of $1500 per year will result 
between the IIA- end lA-englned eirplenee! Thie «n be ooipared Jo 
the basic price difference of approximately $4500 between these two 
airplanes. In order to reduce the specific price of Engine lA to 
obtain the same relative airplane operating coat as with Engine 
IIA, a reduction of $0.45 per N ($2 per lb) of thrust would be re- 
quired. Similarly, the reduction in Engine IIA specific price r»- 
provide an airplane price equal to that with Engine Ia” 
would be approximately $0.22 per N ($1 per lb) of thrust. 

Based on the evaluations of the economics of the two roost 
cost-effective candidate ongine/airplane systems. Engine IIA ir 
shown to be the most cost-effective. A summary of the airplane 
characteristics obtained with each of the candidate engines is pre- 
sented in Table XIV. As shown in Table XIV, the airplane gross 
weights range from 2826 kg to 3131 kg (6230 lb to 6903 lb) with 
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SUMMARY OP AIRPLANE CHARACTERISTICS WITH EACH CANDIDATE ENGINE 



*Systene International 





































































































Engines IIA and IIC/9BPR. All engines provided more than 
pertormance in terms of thrust to meet the 914-m '3000-ft) takeoff 

perfor^nce advan^^e 

Engine IIA provided the best rate of climb and qeneral ner- 
formance characteristics were the best of the four BPR-5 candidate 
engines. The FAR Part 25 climb requirement forea" of S2 t- 

ltdtd“tetS\Mui?e:Sett.='''- “ 

tion Of these figures shows that Engine IIA provides the low^S 

Lurs pJr vea^ utilization rate decreases below 200 

Enaines'iTA difference in total operating costs between 

t^ngines IIA and lA becomes insignificant* 

establish the two-engine service ceilinq and rate- 

speed'*’T463 km%r^to^304 8'm^ f maximum allowable 
of-oi smK ^ knots to 10,000 ft)] and best rate- 

Pllnt tsult® the lA- and IIA^engint tit 

indicated ? ^ analysis are shown in Figure 68. As 

climb schedule at maximum allowtt sptd was ft tL tthf' 
SIS analyses done in airplane siring. ?he besrtte-t-c!imh 

IIA are superior to those of Engine lA in all cases. ^ Engine 

A payload-versus-range analysis for the IlA-enain«d 

sirtgttttotfrtoot • “^ine/aitJtl 

range provided by this airplane is loli'nauticaltTlTa^'^? 
mission fuel was the s.«ne at thircondUion as attt 

llTe’ "Aritl t: was't8th^t4Sr?t 

Of 454 kq aooo fJri •ccommodate the maximum payload 

r.n,inti»%s:t:dt.ti;rs:ttrtS."mit^jd;jf 

evaluated during the study. However, it should be noted^Set both 
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TOTAL OPERATING COST. 
DOLLARS/HOUR 



« basic MODEL 340 DERIVATIVE 

RANGE NORMALIZED FOR 1000 N. Mi. 

o PAYLOAD: TWO PASSENGERS PLUS BAGGAGE 

CRUISE ALTITUDE: 7316 M (24,000 FT) 

MACH 0.677 

o GROSS WEIGHT: 2961 KG (6627 LB) 
o ENGINE COST/N (SLS) $7.79, (LB Fjy, (SLS) $34.66| 


Figure 63. 


.^;?7 Operating Cost Versu 

Utilization Rate, Engine lA. 


144 



8 „ 

20 400 
£< 

0-1 300 


100L 

100 



UTILIZATION, HOURSA'EAR 


BASIC MODEL 340 DERIVATIVE 

RANGE NORMALIZED FOR 1000 N. ML 

PAYLOAD: TWO PASSENGERS PLUS BAGGAGE 

CRUISE ALTITUDE; 7315 M (24,000 FT) 

MACH 0.577 

GROSS WEIGHT: 3044 KG (6711 LB) 

ENGINE COST/N (SLS) $8.06, (LB F,y, (SLS) $36JB0\ 


Flgurs 64* ToLal Aix^plana OpafaLina CosL 
VexBue Utilization Rato, 
Engino IC. 
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O BASIC MODEL 340 DERIVATIVE 

o RANGE NORMALIZED FOR 1000 N. Mi. 

o PAYLOAD: TWO PASSENGEilS PLUS BAGGAGE 

o CRUISE ALTITUDE: 7315 M (24,000 FT) 

MACH 0.577 

o GROSS WE IGHT: 2826 KG (6230 LB) 
o ENGINE COS1 7N (SLS) $7.83. (LB F^, (SLS) $34,831 


Figure 63* Total Airplane Operating Cost Versus 
Utilization Rate* Engine IIA* 
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UTILIZATION, HOURS/YEAR 


BASIC MODEL 340 DERIVATIVE 

> RANGE NORMALIZED FOR 1000 N. Mi. 

o PAYLOAD: TWO PASSENGERS PLUS BAGGAGE 

CRUISE ALTITUDE: 7316 M (24,000 FT) 

MACH 0.5;7 

o GROSS WEIGHT: 3039 KG (6700 LB) 
o ENGINE COST/N (SLS) $8.41, (LB F^ (SLS) $3942) 

Figure 66. Total Airplane Operating Cost Versus 
Utilization Rato, Engine lie. 
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UTILIZATION, HOURS/YEAR 


o BASIC MODEL 340 DERIVATIVE ' 

RANGE NORMALIZED FOR 1000 N. Mi. 

PAYLOAD: TWO PASSENGERS PLUS BAGGAGE 

o CRUISE ALTITUDE : 7316 M (24.000 FT) 

MACH 0.577 

GROSS WEIGHT: 3131 KG (0903 LB) 

o engine COSTZN(SLS) $7.91, (LB F,y,(SLS) $35,181 

Figure 67. Total Airplane Operating Cost Versus 
Utilization Rate, Engine IIC/9BPR, 
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PAYLOAD PASSENGERS PLUS BAGGAGE 
AT 90.7 KG (200 LB) EACH 



CRUISE AT 350 KTS, 7315 M (24,000 FT) 

RESERVE OF 45 MINUTES AT CRUISE 
o ONE CREW MEMBER PLUS 244 KG (537 LB) OF EQUIPMENT 


Figure 69 . 


Payload Versus Range 
Airplane with Engine 


of the Baseline 
IIA. 
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Engine lA and Engine UA are considered to be near optimun within 

analysis and t:.at the smaU dUf“en^^s Sb- 
f not constitutra ?iaid 

analysis are shown in Figure 70 . synthesis 
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ALIGHTING GEAR 

TIRES 

MAIN — 18x5 o5, 10 PLY, TYPE VII 
NOSE — I8x5»5, 10 PLY, TYPE VII 
SHOCK STRUT TRAVEL 

^IN 9^00 IN. 

NOSE 00 IN. 

LOADING 

WEIGHT 

^PTY (DRY ) 34^34 

DESIGN USEFUL LOAD 3024 LBS 

POWER PLANT 

ENGINE TURBOPAN, STATIC 

THRUST AT SEA 
LEVEL * 1373,3 LBS 
WING 

SPAN 

OVERALL 376.80 IN. (31.4 FT) 

THEORETICAL (ACTUAL WING) 

ARjS 344.40 IN. (28.7 FT) 


TOTAL — 
FLAPS — 

airfoil 

fi 

TIP 

INCIDENCE 

ROOT 

TIP 

DIHEDRAL- 
MAC — 


105.00 SQ FT 
-27,30 SQ FT 


•NACA 23018 
•NACA 23009 


TIP 

DIHEDRAL 

MAC--— — __^44 c. jjl 

taper RATIO :::!o 615 

ASPECT RATIO 


STABILIZER 

SPAN — 186.96 IN. (15.58 FI’) 
AREA 


TOTAL 

airfoil 

ROOT 

TIP 

INCIDENCE--- 

DIHEDRAL 

MAC 

ASPECT RATIO 


45.60 SO FT 


•-NACA 0009 
--NACA 0006 

0 * 

10 * 

•-35.88 IN. 
5.32 


FIN 

SPAN 77TS? IN. (6.47 FT) 

AREA TOTAL--- 24.40 SQ FT 

AIRFOIL 


ROOT NACA 0009 

TIP NACA 0006 

MAC 46.32 IN. 

ASPECT RATIO 1.71 



Pl 9 ur« 70. ••MliM AirpUn«* 


tOLuuyi *iiAia**^“* 
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Cost-Sensitivity Analysis 

Engine characteristics such as weiaht j 

h£iv6 d ntaior r\r\ ^ ^ P®^^03rrnanc6 ^ cincl cost 

were hlld ISnsJent?'’’'’ “ ">iasion 

The sensitivity of the airplane basic price to chanof»<» ^n o» 
gxne wexght and specific fuel consumption i^shLn if??gu?e ?1 

:«Le^“ Me"\rxT^^^ 

compressor weight increase were lens than 1 4 ka (3 l \v%\ frw u 
point of improvement in TSPC. ^ 

" Improvement of 5 point* In TSPc 
^ tot.1 opsr.tin, cost of ths .Irplsn. would b. tSdiSiS ly tufo 
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RELATIVE AIRPLANE BASIC PRICE, 




RELATIVE TOTAL OPERATING COST. 
(DOLLARS/HR)/(DOLLARS/HR REF) 


1.10 



RELATIVE ENGINE WEIGHT AND TSFC, 
WAV REF AND TSFCATSFC REF 


o RANGE 1000 N. Ml. 
o CYCLE IIA CONSTANT 
o REFERENCE WEIGHT ISO KG (331.5 LB) 
o REFERENCE TSFC 0.074 KO/N HR (0.738 LB/HR/LB) 
o REFERENCE COST S182.20/HR 

Flour* 72 « Eff*ct of Engin* Weight and Thrust 
Specific Fuel Consumption on Total 
Operating Cost. 
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During the conceptual phase, when the engine cvcle studi^« 

Jidered^iS^temrof®mi?S^’^^ of cycle temperature should be con- 
sicered in terms of material selection and engine life Ther*^fr*»-o 

a study was completed to evaluate the effects orcyiirtennerafu^r 

temperature for' that 

thrust maintained at the design cruise conditions. The results of 

consumption ^fpr^lnted in 
Figure 34. The change in TSFC on the reference tta Z\Z^ 

?ed*rrpiSSrr7P'^S ''•S*™* i"l«t temperature is iUusSl- 

TSrc Sili’wult'whM ‘’“'f * 2-percent increase in 

( 150 «B 1 kr Jhi .™ turbine inlet temperature is reduced 84«K 

T>.e e.t?::Ud\^i:r:airin"“^i‘ii 

cycle temperature is shown in Figure 74. Th^weiaht Incri™ 
P?c“^'th: dimensions required « 

<‘rics°X^ 

prLr'njJ r^?er;n«‘’??!;‘"?‘*.‘-^‘‘’®'S®"‘ i""ease in the basJc 
total operating cost. For thU exliplS, the's^iliS*eigiM®TO«t‘' 
pi™e “"••h.jr^nshn??'’ ““ 'Xaracteristics of the air: ' 

The effect of the turbine inlet temperature reduction on 
engine price was evaluated. The effect was determined to be neoli- 

«"9ine hot section diS to LSrials 

changes was found to be offset by the increased cost of all ^^Je 
components due to their slightly increased size, it was on this 

basis that engine specific price was held constant in the cvcle 
temperature sensitivity analysis. xn cne cycle 

analysis, studies were conducted to 
determine the additional weight required to meet FAA noise eri«*efia 

material required for the IIA engine was 5.2 kg (11.5 lb) with 
the use of the sensitivity analysis, the estimated iLreLe in 
basic airplane price due to acoustic material weight was calculated 
as 1.5 percent. Additional total operating cost attributable to 
acoustic material weight is approximately 1 percent. This examole 

JSITS^iSS bJpSnSn.'^"’” "** «cou.tle umng in 

K - The reference airplane used to conduct the synthesis analvals 

eJJllfte^Se^Jf%2t“Ili*?h?I!^i”**;4 ^ was completed to 

evaluate the effect of this location as opposed to a wing-mounted 

engine installation* 0ver**the*win9 mounting was used in the 
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TURBINE INLET TEMPERATURE, OR 


CRUISE 350 KTS AT 7315 M (24,000 FT) 

FAN PRESSURE RATIO « 1.48 
CORE PRESSURE RATIO - 6.00 
OPTIMUM BYPASS RATIO 

Figure 73 » Effect of Cycle Temperature 
on TSPC for Engine llA. 












analysis. This concept is favored in several future hioh-performanc*#* 
ciyxl transport configurations. As reported in thi FebruKf?^! 
edxtion of Flyxng International, wind tunnel tests on future wide- 
body transports showed that a properly contoured over-wing nacelle 
can reduce drag- rxse Mach number, in addition, installations of 
thxs type could proyxde advantages in terms of noise attenuation 

reducing engine foreign object damage incurred in unimproved 
fxeld operatxons. A model similar to the one shown in Figure 75 
was used to determine the cost effects on the reference IIA-engined 
axrplane. A reduction of 4.5 percent in airplane purchase price 
was ob warned wxth the wxng-mounted engines. The reduction in total 

percent below that obtained with the IIA aft 
engxne. This indicates that the cost savings on 
operatxon are sufficient to warrant further 
consxderawxon of xnstallations of that type. The primary desion 
factors afiectea by the engine mounting location a?rthl^„rnr 
structure and xnterrelated components due to the relief load char- 
acterxstxcs of the wing and the engine pylon structure. 

A tradeoff analysis was conducted to determine the effect on 

prxce of a lower-cost, but heavier steel fan replac- 
txtanxum fan on the baseline engine design. The engine 
estimated based on the use of investment-c^t 
^ heavier fan disc, shaft, and front frame struc- 
ture. fhe total savxngs for two engines, including both engine and 
axrframe manufacturers' mark-ups, was $10,280. The engine weight ^ 
was calculated to be 15.4 kg (34 lb). From the engine 
wexght sensxtxvxty analysis, at $864/kg ($392/lb) , the resulti.ng 
axrplane price would increase $13,328, if the specific price of 
the engxne were constant. This airplane price increase due to in- 
exceeds, by over $3000, the price reduction potential 
engxne. Again, all airplane sizing, performance, 
and missxon parameters are held constant in this tradeoff analysis. 

The results of aircraft synthesis and sensitivity analyses, 

candidate engines, and cost-versus-performance trade- 
off studxes conducted in Phase III are summarized as follows: 

o On the basis of the constraints defined for this study 

f existing light twin airplanes, the Cessna 

Model 340 offers the roost adaptable configuration for 
conversion to turbofan engines. 

o The study shows that airplane size, engine thrust re- 
guizements, axrplane basic price, total operating 
costs, and cruise ride quality are strongly dependent on 
the selection of initial design options such as wing 
loading, aspect ratio, stall speed, and flap configur- 
A tion • 
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The reference airplane basic price anrl 

«st were reduced approximately JS SrceM 

cent, respectively, by increa^in^ ♦•hi ? ^ P®^“ 

156 to 303 X,/m 2 ^32 ilb 

as weight, cist, anS^rfl™an«®i|^°^“®'r*=*'^f®““ 
on airplane else and refulS 

date burbofan*engines^showed^l*slbst'^*r^ i*® 
resultant airplane ^’f^stantial spread in 

The airplane using Engine 

purchase price, aid Elgile H^^lfllll.^* 

wJtl^llill equipped 

the five candidates for the speclald 

of Engine lIA^*^^The''resuits^of'*thls°''t*'a^*’*i,'*^**’ “®® 

Dounm'^f^"* basic price changed $864 per ka°Ts392*'*'^ 
pound) of engine weioht aiH < 1000 ^ * (5392 per 

fuel consumption. Se tlal ®Pe=lfic 

per point of i^ilfirLI?“l|isl;^S||“ 

Engine IIA?*^The'*results^of''thlB*^l^a completed on 

ing the cycle temperature 84«K (ISO^R)" f rom^the^ ‘ f 
design point resulted in a 2 -oereAni- initial 

fuel consumption and a 12 5 -nSr^fnJ^- specific 

weight. The effeSs on hhf T engine 

operating cost calculated for^thf ®^^P^®ne price and total 
engined llrpUnl ale 

price and an increase of 4 5 Dercern-*<‘i P'fof't in purchase 
cost. se or 4.5 percent in total operating 

Saterifr?equired'^to^meet^th^ acoustic 

were determinerfor constraint 

facts were an increase of V f ^ airplane. The ef- 
and 1 percent in total operiLSg^coSt. 
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The effects of engine mounting location (wing-mounted 
versus fuselage-mounted) were investigated in terms of 
airplane cost. The results of this analysis showed that a 
wing-mounted engine reduced the airplane purchase price 
P®fcent for the reference IIA-engined airplane. The 
reduction in total operating cost on the referenced air- 
plane was 3.1 percent. 


o Substantial engine price reduction opportunities that 
were identified in earlier manufacturing investigations 
were feund in tradeoff analysis to lack cost-effective- 
ness. Substitution of a lower-cost, but heavier steel 
fan rotors for the titanium rotor of Engine IIA resulted 
in an airplane basic price increase of about $3000, or 
approximately one percent. 

Final en gine selection and assessment .- amdidate Engine IIA 
was identities in aircraft synthesis results as the "best" of the 
candidate engines. Airplane total operating cost (including amor- 

established as the basis for determining 
engine. The airplane uring Engine IIA had the 
lowest total operating cost when utilized at a rate of approxi- 
mately 300 hours per year. 

u specifics of the other candidates 

bracketed those of Engine IIA. The substantial configuration dif- 
ferences between candidates was reflected in their performance, 
cost, and installation effects on airplane performance. By astiess- 
ing the factors that made Engine IIA superior to the other candi- 
dates, It oe shown that Engine IIA is not only better than the 
other candidates, but near optimum for the airplane performance and 
mission characteristics postulated for this investigation. 

Synthesis results showed that Engines lA and IIA resulted in 

costly to operate than those 

engines wi^ centrifugal compressors. Although the engines with 
®®’"P*‘***®*‘® ^'eve comparable cycles and TSPC's, the 
axial- now engines were lighter, smaller in diameter, and less 
expensive. Bven though Engine lA was less expensive and lighter, 
the substantial TSFC advantage of Engine IIA made it more cost- 
effective. The resulting operating cost difference between the 
engines was slight, which indicates that both engines were near 
optimum with respect to TSFC versus weight and TSFC versus engine 
cost. ^ 

^lle Engine IIA was the best of the candidates evaluated, 
sensitivity analysis showed that the cost-effectiveness of the 
engine oould be improved. It was determined that weight coulc be 
Mmoved, and TSFC improved, with an accompanying engine price 
incraase, but with a net decrease in airplane price and operating 

008 te ^ 
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CONCLUSIONS 


aMt-c report describes the methods and results of the / 

AMES-AiResearch investigation into the applicabilifv ^ 

propulsion to smaller general-aviation airplanes 
tion Identified relevant engine and engine/airplane site weioht 

airplane was defined, and a "best" turhr seat, light-twin 

figuration was identifSd lor ?hL =°"- 

are ariollSSsr^°''^ ' °t this investigation 


1 . 


2 . 


Turbofan engine cycle variables affecting propulsive 
efficiency, and internal or thermodynamic efficiency 

analyzed and optimized. This re-^ 
amount of parametric cycle analysis and 
engine preliminary design that is required to make 
cost-versus-efficiency evaluations for any performance 
envelope desired in new airplane investigations. 

tSibolaif “ prsdicated for small 

tirbofans, there are existincr engine design approaches 

^d manufacturing methods that will significantly 

(dollars per unit thrust) . 

tion of non engine configurations, minimiza- 

C f machinery, the maximum use of 

investment castings, and the continued 
high-production techniques for integral- 
castings are examples that were identified as 

reducing engine specific cost, 
turn permit general-aviation manufac- 

turhofan ®®i9n and sell sjr,a.1ler and less expensive 
turbofan-powered airplanes. 

At the airplane performance level specified for this 
investigation, the engine performance quality has a 
maDor effect on airplane size and resultant costs. 

range of values that are concluded 
achievable, more emphasis should be placed on 
attaining low specific weight and specific fuel con- 
u...^.ion rather than on low engine specific cost. 

Turbofan engines can be designed for future general- 
aviation aipluncs that will meet reasonable require- 
future government regulation of their social 
K**u emissions, and safety, while 

efficiency* <*«gree of overall propulsion system 
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5 . The size, price, and operating costs of fast, light 
airplanes will be very sensitive to wing size, wing 
loading, flap quality, and stall speed. There is an 

technology featured in the 
NAS A/Un iversity of Kansas/Robertson Aircraft 177 
Cardinal demonstrator airplane, if smaller turbofan- 
powered airplanes are to be efficient and economical. 

6 . The NASA-developed aircraft synthesis computer program 
that was used in this investigation can be a valuable 
^d economic aid in the definition of future small, 
turtofan- powered airplanes. As a preliminary design 
tool. It will ease the tedium of a multitude of design 
configuration, and performance evaluations. As a ' 
m^agencnt tool it will quickly test these evalua- 
tions tnat are vital in defining new products • In 
general use, it will provide an industry-wide base- 
line of communication. 

imminence of additional government regulation, 
there is strong incentive now to provide general-aviation air- 
planes with more socially acceptable, as well as efficient, pro- 
pulsion systems. We are encouraged by the results of this in- 
vestigation, and recommend that NASA continue this work to estab- 
lish pertinent engine/airplane interrelationships. Sound methods 
have been developed for use in further evaluation of enginrand 
airplane concepts. Further conceptual work and evaluations are 

available fo advantages of turbofan propulsion are to be made 
available for smaller and less expensive general-aviation air- 
planes. 
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Discussion of New Turbofan Optimization Method 

efficiency of aircraft propulsion systems is convention- 

that makes the definition of an ootimum 
or best new engine a time consuming and expensive process ^ The 

o°nsistl SI 

are laentiriable xn all engine types: 

° powerf^ efficiency (converting fuel to gas or shaft 

° thrustf^'^* efficiency (converting power to propulsive 

o Installed-to-uninstalled thrust ratio (drag penalty 
charged to engine installation) ^ ^ 

o Thrust to weight ratio (weight penalty charged to 
engine installation) ^ t- jr «xyea to 

defining turbofan engines, thermodynamic and propulsive 
efficiency are normally not addressed separately. Cycle analysis 

are used to directly de termini the prodSS?o? 
ese efficiencies, thrust specific fuel consximption (TSPC) To 

?lprSt"S the%Sle hSS?ng iSSest 

TSFC at a specified flight speed and altitude, it is necessarv to 

This consists of calculating 

many cycles, using memy variables affecting the TSPC, plottino the 
results, examining the plots, and making countless judgements* about 
the mechanical characteristics of the mlny low-TS?C cSdidatL that 
have been found to exist. The procedure is cumbersome and indeci- 

fied Si?ho'!t ^®®^ ^‘'® lo’^-TSPC candidates cannot be identi- 

fied without recourse to a great amount of additional analysis and 

"eve-billino« <irawing8. This is often avoided by 

eye-balling the candidate cycles, making an arbitrary selection 

and proceding with the design of an engine that has less than the^ 
best overall propulsion system efficiency. 

shortcoming of the conventional turbofan cycle 
definition procedure is that the fundamental operators on overall 
efficiency are not visible in parametric cycle analysis results 
When turbofw cycle computer programs originated, bypass ratio was 
unexplainably assigned a prominence that it does not deserve, By- 

thrust of a turbofan engine, in an optimized engine ovale 

2^1 ?^® ?*t«nninant of s^cifiS tlVuil, 2(S ' 

the specific fuel consumption is a function almost entirely of 
cycle pressure ratio, turbine inlet temperature, and fen propulsive 
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efficiency, which is in turn a function of fan pressure ratio 
Engines of greatly different bypass ratio can ha^2 ?hrsiro disian- 
point values of TSFC and specific thrust. Yet, nearly alTpa?IiI?- 

ities^are refeielced^JS ?h^ wferences to engine performance qual- 
ities are referenced to the bypass ratio parameter. The effect is 

to obscure the consideration of fundamentals that would make the 
definition of a "best- engine a simpler procedu?^ 

The following outline for a simpler engine definition oroce- 

turbofan propulsive and thermody- 
namic efficiencies are directly calculable; therefore, the cvcle 
and component characteristics that determine the highest posLble 
value of these efficiencies can also be determined diJJctl? 

r\ m Work done in flight 
P Work supplied to fan 

put Sitpl., it ha, been 


A 


g J c 


« flight speed (ft/sec) 

» ambient total temperature (*R) 

jet velocity (ft/sec) 

» gravitational constant 02.17 ft/sec^) 

» conversion constant 778 ft-lb/Btu 

• specific heat at constant pressure of fan 
inlet air 


ATp - fan temperature rise (•R) 

Fan and nozsle efficiencies and duct pressure loss 
assumptions must be made to calculate AT^ and for 
a specified for pressure ratio. ^ j 
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A plot of this propulsive efficiency expression with f«n 
pressure ratio and flight speed and altitude as 
presented in Figure 7$: The peak efficiJnS vLSJs^^ 

rate curves were plotted in the adjacent fiSure The 

cjn‘blTS™i™l frln 

and lo«« ttat ««ioi.ncies 

Pan polytropic efficiency index - 3.20 

Jet velocity coefficient - 0.98 

Fan duct pressure loss (AP/P) - 0.02 

1 ® manner similar to this, it can be shown tha^ •)« 

best core jet velocity for a previous ?r<ie?e?I;ined ?Jj pJlHurl ® 
ratio ^d resultant fan propulsive efficiency. Then with this 
much of the optimum cycle directly calculated, attention can 
be turned to the cycle thermal efficiency. 

Over the ranges of values normally considered, the cvele n,-ae- 
* greater determinant of thermal efficiency^than^is 
the ^cle temperature (turbine inlet temperature) . Generallv IL 
graatar tha two valua. are, tha highar tha aM?"«i?'wU? 

In a new engine design effort, a range of practical deair-AKiA 
cycle pressure ratios is known before cycle analysis is beaun The 

Jir.s' previous dafiStiva aSgiw ii thr™;,. 

considar2t"oM^i-Kf'‘”T*"fS g“ality daaicad of tha naw angina Ira 
considerations that make the range of candidate cycle pressure 

ratios obvious, if the new engine is to have low TSFC the hiaheer 

by examining the limitations of candidate compressor desions^ t« 
hM bSl'IaglliMd.'’'’^'^****'® Paramatric cyola’lnilysis 

‘•®P»r«5“r« i» the only significant cycla para- 

in# inlet temperature has no effect on engine specific thruat 
It only affects the thermal efficiency of the cycle, and is the 
major determinant of the specific power output of the core Con- 

Jli2id”ili#ii!l* required to drive a fan of predeti?” 

mined airflow and pressure ratio (while supplying the correct L— 

itJ? i2 i*'? to obtain the predetermined core jet*veloc- 

iJKl Ptiwarlly determined by the turbine inlet terapereture 

Thus, bypees ratio, (fan duct flow divided by core flow), la mainly 
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Propulsive Efficiency Versus Fan Pressure Ratio 
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turbine inlet temperature. Considerations similar 
to those given the compressor usually determine a f«nrrA 

eon^ most important consideration in the desiqn^of^” 

a cor“j«’v”oliJ?’thaJ®ia‘’nir5* propulsive efficiency, 

Dres« 5 ur^ 4 , p V u upon it the limitations put on cvcle 

rltln lLl f ^ temperature cannot be exceeded. The bypLs 
ratio that is calculated is only a derived 

operator on TSFC or specific ?h?uJt. ' *" 

the •b«“^enSn2" ‘$he"^st-'^S^® determined, but not 

analyses, as well armisslSn synthesis and sensitivity 


powered, iso-nph oreiee, two-seat utlUty/trelning airplane! Thi, 


171 


APPENDIX A 


exercise^ while not entirely relevant to th£» . 

Because the engine was defined by the^inethods outlined^in 
appendix, the work was completed quickly wdeeoiomJofi iS 4u 

engine/Lrplane^ concept that merit: 
point™? I?1 wS? ™Soo*?t? 


Fan Pressure Ratio 
Core Pressure Ratio 
Turbine Inlet Temperature 
Bypass Ratio 
TSFC 

Specific Thrust 


I. 15 
4.0 

788®C (1450*P) 

II. 0 

0.054 kg/N*hr (0.526 Ib/hr/lb) 
90.9 K«s/kg (9.27 Ib/lb/sec) 


Physic!? !?? 

plane are presented in Table A-l! determined for the air- 

With tavor.d,ly 
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TABLE A-1. UTILITY/TRAINING AIRPLANE PHYSICAL 
AND PERFORMANCE CHARACTERISTICS 


Design Point - Max Cruis< 

'^stall 

V 

max 

Ceiling 
Landing 
Drag Polar 
Range (max cy) 

Endurance (max cy) 


241 km/hr/1524 m 
97 km/hr 
>241 km/hr 
> 3048 m 
< 457 m 

0.29 + 0.05 C- 
850 km 
3.5 hr 


(150 mph/5000 ft) 
(60 mph) 

(150 mph) 

(10,000 ft) 

(1500 ft) 

(528 mi) 


gross 

632 kg 


(1393 lb) 

w 

empty 

328 kg 


(723 lb) 

''fuel 

113 kg/146 

1 

(250 lb)/(38.5 gal 

w 

payload 

19i kg 


(420 lb) 

W/S 
' max 

98 kg/m^ 


(20 Ib/ft^) 

S . 
wing 

6.5 m^ 


(70 ft^) 

^^ing 

8 



®tail 

2.6 


(28 ft^) 

^^tail 

6 



Length 

635 cm 


(250 in.) 

Span 

721 cm 


(284 in.) 

Height 

191 cm 


(75 in.) 

cabin 

112 X 112 X 

152 cm 

(44 X 44 X 60 in.) 
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EVALUATION REPORT - APPLICABILITY OF FUEL- 
CONTROL CONCEPT DESCRIBED IN NASA TN D-5871 
TO CANDIDATE TURBOFAN ENGINES 


. fuel-control concept described in NASA Report TN D-5871 

(Reference 12 ) was demonstrated on a turbojet engine. The control 
was simplifxed in order to effect a reduction in the cost of manu- 
facture. However, because of its simplicity, engine operation 
was compromised. The concept is comparable in simplicity to the 
manuaj. -mode backup for the electronic control installed on the 

Turbofan Engine. Aspects of thiS c^nLol 

m^srof ?re731 comparison with the manual 

5^ TFE731 control, the requirement for engine design mar- 
gins, and operational limitations are discussed below. This 
review describes the compromises in engine design and performance 
that would be required if the control concept were adopted. 

nation.- The metering valves illustrated in the NASA 
report are positioned by either the compressor inlet pressure or 
the compressor pressure rise. No seal is shown betJeirthriuel 

Sce^oSTh®?^ discharge pressure. Current design prSc- 

^ ® source of fuel-path leakage such as this^ In 

proi5i??'ii^ air regulationriui aLo 

p oniDit; xt* ±f bellows seaxs or *toraue tube sealc; 

?o^r- inlet pressure and compressor pressSe rise 
-o cw.. 4 .tion the metering valve could be excessive. 

the ntanual-mode backup control for 

is ® acceleration schedule. The speec 

fuerfloJI governor bleeding the P 3 pressure to reduce^ the 

fuel flow. The P 3 pressure reduction is limited to a fixed ra^o 
Therefore, the minimum schedule is also a fixed W#/P-> ratio xn 

the specific case, the ,overnor reduiei ?he «?iS*frlm 5 ? 

*=>' >>yP«ssin9 the fuel puisp to 
pressure. The TPE731 maintains a fixed 
diiferentia,. pressure across the metering valve. In the NASA con- 

zero' Pressure drop across the control pump is maintained at 


The TFE731 has a single metering valve, which is DOBitinn*fi 
response to a P 3 absolute pressure signal. This reaSiSJ 
uated bellows and a high-pressure bellows. The NASA concept re- 
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ttan the =ontrol''p2^p’1?d\rifire^ori^rSL^Mncepr^^^ 

tero pressure drop to avoid leSe .ne ^ ^ ‘’T*’ '^«<I“ires » 

than weight flow proportional to speed. vo ume flow rather 

sohedJu Proviir^Sre'X^^hrtL'rSir^^^ 

slSahHe1%o?S„VSS^^^^ 

TFE 73 ^j!:"f„f?^*'‘’" * bleed valve was inoorporated in the 

TFE731 to avoid compressor surge during acceleration iL 

manual mode, the bleed valve il set at V? b lief position 

T/Ttl l/f if deceleration ratei. in the^manual modf are 

1/2 to 1/3 as great as they are in the normal mode. 

tinn permit the use of a simple schedule for accelera- 

TrlctTcl 

required schedule shifts with Reynolds-number 
press5^“th2"?re«r be flaWateroi''OTld‘'dIys“t saf Uvl“® 

Ilf lif narrow because of takeoff distance requirements 

If ill ?i ? asymmetric thrust limitations. The ailowSbll 

engine thrust tolerance would have to be increai«rt 1,^1 If 
practice to permit a reduced-aclllal? dloiff Ilf of ^ 

Turbofan turbine inlet temperature is normally controlled 
an accurate speed control biased with compressor inlet temoif tf e 
and pressure, or a temperature limiting dff?! In frdlf f l?fl 
Inete the automatic temperature-control feature, ungine temnera-^ 
tura margins would hava to be increased substantially. 
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\ 


in simple acceleration and 

eJatiin '"ill result in slow 

eration of the engine. 


deceleration schedule 
acceleration and decel- 


Redundant over speed 
safety considerations. 


protection may also be required. 


for 


TN described in NASA Report 

are limitations in this mode that^ak^^^^^^^® backup control. There 
engine control. For examole the i nnacceptable as a primary 
engine limits. Pull monitor and set all ^ 

large margins were provided in the enSini'^a”°^ unless 

impractical to des ign tur^f an ^noi ^2! considered 

permit the elimination of automatic llnTrTl ll"u*22g\"ni“ts“ 

to be“lle“"to^lhe P«te<=ti°n would have 

control features addressed IbSwI anriddmoill™ '"'® 

perature and prelsul“in2utl ffl 9ravity and inlet tem- 

substantially^ncrene^?h^“‘lof?%?"®tl2%“nSli“olSe"p"?!'' 

When re-evaluation 

are specified that^are more suited to 1 ^^^^acteristics 

control unit as it is d^cJiKd?®'* capabilities of the 
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